
UNCLASSIFIED

AD NUMBER

AD864293

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; OCT 1969.
Other requests shall be referred to Naval
Undersea Research and Development Center,
San Diego, CA 92132.

AUTHORITY

USNURDC ltr, 1 Mar 1971

THIS PAGE IS UNCLASSIFIED



NUC TP 144

'4 _AFNT OF7

-SOUND VELOCITY, ELASTICITY, AND
RELATED PROPERTIES OF MARINE

SEDIMENTS, NORTH PACIFIC
II. Elasticity and Elastic Constants

E.L. Hamilton

Ocean Sciences Department San Diego California October 1969

DISTRIBUTION STAIEMENT
This document is subject to export controls and each transmittal to foreign governments or
foreign nationals may be made only with prior approval of Naval Undersea Research and
Development Center, San Diego, California 92132. v' FJ)

C ~ ~ ~ ~ -L z .

(T 30r



JUS Tf iC- I I O

By NM PL UNDERSEA RESEARCH AND DEVELOPMENT CENTER
*U1g;A111 aFILA4p11Ofl, cIt ~t y 0f t he N 3v aI M at e i alI Co0m m and

0S. AVAIL.. 149:11 VIECIAL

Char es. B Bishop, Captain. USN Wmn. B. McLean, Ph.D.

' Vork NNsper fonned wider SR 104 03 01, Jask 0S 31 (NiUi( L401 ) hbenhr oi the Maine
Liivirominen t LDivriwn T he repoit covoi, w~ork Iio runJ ki 4I to Miatc clol jiiOOd was appi Oved IOr puNI Cti
tam 26 April 1969.

The arthor ap)prciates the assistaii~e of R. I . imla 'w R. F- OyCe. G. I . Brocii. and 1D. C. Stronig

and oA F. C. BuffinQ1t on R. . ill) D. G. \100rC 0. S. Lee, and 1:. N. SpicNss who en neal Iv rciaJ the manluscript.

I 0. S. 11,3kd G.v B.n Ucet2 e rscZ7ii2r'tZ

-aI1 nIone rrisoiI~-I -,ienr.* girlc' Dr'i rrr -muc4 Sn l.>



THE PROBLEM
lDeter Ju11Ie iii tiitk ilc.iitic Ip 1)e [jC tie ot 41I0 sci-tliitii mcittosid acoustic

itiodels id tile sICA n 1110 ,pe [ it 111-1N Ilv ' Ilse iitCuiei Valules of coliiressiotiat-Nave ISound)
wtl' wili Id tieiisii% . x Ill: ctipiitcd vilites 0t sedlilieiit bulk tiodiiltts to cotrplite oilier

e~jlastic ci1saitN. idi deterinitie aj11)1pijrrat" elastic iiodels to1tlei' sea Ilit

RESULTS

\lariie setliltents call he considered i!% elastic tiedia anid rte eqnaitisn ot
I lookeaii elasticit' cadi be Used to -omrpute uinteaxureci eiastic ctjstarlits. 'A ltiit on
aftlillain tliislt tic coirsiteictl ,),ice ,sicmdel IsNaoe it; winch,1 tIe*.IC 1

ruotioltis. p. andI ianic\, cotistatli ,.iI the eqitiis of Claiticit\ ate rjIlidCexl bn Vo1l-

rileX zone1 C01Ittiszitts(p I IaU andi 1. + IN' w hic h are iidelleiil ot I reqiteno . III thi
fmodel. p arid ? rrpreseil elasic- response. and ip' arid 0,' represeint dajilltln oif' sasek

etteig -1 tIsI model imies thit x%.iC eloi,:ties at'd 1111 dissipion ilillc11141iitl. 1 (1. Ire

tteqlttiS: lit trite hinge IT0h a tess I II to thle itepaiert/ rmlie

IDensttN and ctrvpressiona-waxe velicit\ wAere measured inl tite presenit studs.
A oiilttetl valuie or rite s ystem bujlk linkttli jIk itlowitig (;aLslnt11 I 1) As s ed
as rlie thid coristl reqireld to c"Miput lte tr1ter elasi!C coIItatits \ith tlie e'lliatiotis

it eIasticits .I liese olipl0 1 INii 54CIt t1itu tia'l~d( ll lcot > \sti0ut 1 ri a ticots

DIeI- 1iilj)1lrieiits Of tile :owtp'uted stemt hulk ritditlus are fi tt\rie bulk
1i10,10111, 01 pile rae ir aueregjie hulk tttliso ti, ,I miefid riisl, n i hulk iiiit

o[ ilhe structureu, 1it Iratite C. ICL toilet s ttil eral l erallls (o0i dtl alue hue bullk
titdul ofi distilled artu seaxktri. ariu lutit oft the ciomtmton iiti kit sedimienits. have

becen estzthlislrel il recent seatrs. tii' luixes ittlN ai vane lor the tratte-btilk 1ILdLOUS to

coiilhiiit(e a1 hulk IIriitliis 101 the sAIcil-IttIteral syttrof the sediuiielit
(urves arid regressuoti eqttaj1iiis relat tug poltlit aid dx\riic iratte builk

modulus suere dertued aid oseC: inI uomtputatiouot a s stein bulk uriodulit,. Anth xiti

1 lie cortItr.tttois 0lI elastic c:01lIAMli as discussed Ill tins report. citnped xx tl

ither laboratory adl w' sllu riestiOeus(suchA as sllear-kwx seloiteit ) ittdicate thait thle
et(iitUtrts- ii elastiit art . re used its derive reasonable saittes for those elastic cortstzitt
tiot uriaswti if so, thle listed va ne (li ie tables, artd the icrtluoxi. cart be used to pre.
tie these cuotItittt1s tot 1 hue mtajor rxtlrrei yes
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received tire alterlliiii it desNrxe, Biot aid Willis I 1')57)* shoed hoss the elastic, con-
stm, os. der ied I 41.- c . he experinrentally deterinined by stitiL tests on Iacket!ed
arid iliiacketed sjliples 0t p' ntis Iliedla. IlII 1 9>r Blot extended Ilis alial\,c' to coli-

pressional and ,lieri waves bN addmi: Inertial terns to Pi,, theorN of tinee-drnieisi.)iIal

colnIJIdatiol, lie later exter' Aed Is coicepIs to v'isceelastic and anisrLtropic bodies. Ii a

recent paper M wto, 114,2 lie sutillial ized and extended inuci o4 Iis w rk of tire previiLis
20 years

in Ills varirrus papers. Higo discr',Id tie hill range Of sNs:enis in wich watel
, ithi pore spaces ioes or dr'es ilt nirrive with the solids LIp ittrposlti,,)ll of a Sinal!

stress such as thIat Of a sound wae. li some acoustic iudels and tieo;retical si, rdies, this
mrverrlent or flos\ of ssatel tirordr the sedimnt mineral structure has been considered
to b, of the Poisoelle type. II tie last several decades it has been determined that the
simple t'lw elquations of tire Poisuelle t. pe (derived from flow of- water through tubes)

tdo tot hold for real. i1 silt Sediments. These eqations have tir be considerably altered.
even Ior clean sands, and are not applicable to relative]y impermeable clays fYong and
Warkentit, 1906). The question el relative water norvenrent is a critical key to whether
or not the equalrrirs oi elisticitx 4itr. , |lotrkeari resp nses) can be used iII studies of
rocks and sedirrents. If the pure water dres not miov'e significaiitiv with respect to the

soids, theni the effectve density of tire iredinl r is the simi ol tire Irass of the water and
solids in a unit vuluie, water viscosity need not be considered, and tire equations of ideal

elasticit. can be used This is the "'clised systeri" of Gassmann (1951)
To avoid an extensive review of tie elastic rclatiorl 'ips in puirurIS ilme Ua (sedi-

irents and rocks), the following concepts (beliesed by the author tr be tre) are stated,
witi references wl ich support or rave an important talfiriratiye) bearing oni tire concept

1. If a saturated porous nediun is a "closed system" it resr ids to small stresses
(such as that of a so'nd -ae) as a ItookeaTr bods (strain Is reciverable upon remova! of
stress) in a linearly elastic systein: an\ de% iations from I lookean re,ponse are so small

that tirey can be neglected fIr tie purposes of undei ater acoustics and geophysics, arid
tire system can be studied with the equations of classical elasticity I Bol. 1941, 1956.
1962, Birt and Willis, 1957: Gassmann, 1951 : Morse. 1952:1 White and Sengbush, 1953:
Zikker and Kosten, 1949-. Brandt. !955: Hamilton c/a , 1956: Pater sir. 1956: \.llie.
Gregr , and Gardner, 1956: Larghton, 1957: Jones, 195): Klirpoff and MacDonald,
195,h: Mcl)onal et al.. 1958: Birch. 1960. !961, 1966: Barkan, 1962:(Geertsma arid Sirnit.
1 61 : Nafe and Drake, 1901. Brutsaert. 1964: Sirmmons and Brace, 1965 : White, 1965).

2. Most rocks, cimprisd of randowiys orieted irrineral crystals, are macri cop-
icall; isotropic to compressional and shear wAaves in a freqiuenc range I-ron a few lIz to
the megahertz range if tire grain size; are much smaller than wavelengths: the elastic
,,nstants rut srcii systems can be ccn'pited vitlrk the \oigt-Relss-Il l; aver aging' method

(I ill, 1963), discussed below. A recent excellent sunimar of the evidence for thre Voigt-
Reuss-Ihill averaging inetiid has been published b% Anderson arid Liebermann (1968)
In addition to references cited ill tire previous paragraph, attention is called to reports b,,

Brace ( 1965). Peselnick (1962), and Christensen ( 1965. 1966).

3. Static measurements of the elastic constants tf a saturated, porous rock or sedi
nient are essentially isothermal: dynanlic constants are adiabatic In rc,s and minerals,
isothermal and adiabatic measurements can be experimen tall\ and tIheoretically related
in a linearly elastic ssstesr (Biot and " illis, 1957. Blrt, 1962: Anderson ut al., 1968
BItirsacrt, 1964, Tritcti. 1959: Andersn and Schreiber. 1965: and othcs). in connection

'See list of refereieccs at end of report
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ssti thi 11ScoiIcept and for tlisc:itssroris Of the fact that elastic cirisfants licastircd (vs static

iretitiods arc siiialler titan those measured b1w dN'natnrc methods, attenttioni is directed to)
rep orts by Suirinons anrd Biracc (9~ 1 40 and ( Walsh S1 1 )

4 Liquid saturation of porou rocks aid sedinicirts iicreds,- tire veloutx\ Of C0ii1-
Pressionlal w\aves, aid d-cteases tire velocL( oft shear was es (a.sttrain, 195 1I Whiite anid
Sen-buslr, 19531 3101. 195w King., I Ob))Ir). Fires 112 arid 13 illustrae these plienloiricira
(Shell lCVelOptrrerrt CO.. pus-atie coiirrrrrrirrIcatioii, 1965)1.

S. It is riot rccessat. tpstrlate i1nieritetit of %visCOUs Iore-statr relative to

in ncre al grFar ir to explain attetisratior III satiriared PI-tritS iue~dr. OtherC SOUnrd-.ttenraiiorr
factors ilirt iivolvirr sediinerrr-srirctrrral perircabilit. water viscosit\ and tune aire
appare-irtlx presnt f-or e\aiiiple, titeriral losssand losses due to internal friction f scC

trad 1ev and I :011, 1900. f0r a I ecent r e s11 irr

t). Tire vlctsofctprsiranl shear Avies are indepi. d itt of fi cqrretic\

tic_ nto dispersion or change of velocity with frequency horwn a few% I rtz Into thec trees-
hiertz range; ,or dispersion is riegirgibl% small. I xperirrertal ev ideirce or tis suibject Is
discussed [it a later sect ioir.

Elastic and Viscoelastic Models for Rocks
and Sediments

lIn the above discussion Or theoretical development, it ,%as stated or a*.Nurrtetl that
the numbered statemients were trueI only f'or sisiall stresses. III tire field of soil roecliarrics.
esp~eciall% large static or dxniratic stresses have ito be conrsidered. anid ove\r tr frilltano
stresses. sedirments arc botir elas tic aid )icets ic. t arid W\arken lili I flotu. SC- -
hiax-c a good discussion of the various mod"els arid e lemnits xv itii in thre rut wIel wkt ci
describe this befraj.ior. Thieve writers favored thre Burger iodel for IreclranC3 cls:11tiuatiir
oft actual soril behajvior.

lIre: Burger model is formned b,, coupling tire Kefvru-Vorr0 mioidel iii series Aith

tire M'axwkell model ()tint! anid \\ arkentiffl, 196o'. p 9U-93, figs. 4, I , iS). It ir , tr.Birer
miodel very sirrall stresses are apt ito he recoiveraisle rc.. I ookeari), bort itfithe mirraur ude

ofa S tress is suff Iicient, the inediuns behaves as a v iscorelast ic: htrd_ In ithle fields Of sorf

miechanrics sid Afri0ndation ersirrieerrire. the lortkeair model aind eqfiafioniiare cortiniii'it

used I-or Ac'tivations of dxcraruicl elastice constants aud studies oifvib-rating suids wt g..
Barkari, 1962: lieukelom. 1961:i Jones. 1 95,1, -visirt. It56. Hatdin anid Richlrt. 19063;
Fiharid R-Jichart, 19r3): Rrchart atsid Whitmnan, 1967).

in thle ficids Of phyNsics arid teeophx\Srcs. studie of the elasticits of tiriter-als arid
rocks hav~e cruotistrated that the elastic equations ofithe I OOkes ii vs ster adequ1arel\
define the velocities of cortrpressionial arid shec-ir xv ayes. thrcse equations arc coriscrieitix
itnterrelated in a fable by Birch 11961 , p. 220). This field has been summriarized b\
Birch 1(1900) and by Anderson arid Lie' eriraun (I 9o,4; papers of special ititeresf are b\
(iristenseri f 1900a, bj, Brace 119L65i F ild Sinorrs arid Brace If 9651.

Although lfre elastic equations of the I luokeani model adequately account for
w&ave velocities in earth mnaterials. the\- do trot pros ide for wave-errere losses (at icirriarionl
rut thtese niedia. To account f -or at teniuatron,vxar ous viscoclistic or ''near -elastic" riodels
and equations have been proposed. One of these, w hich has been) studied In corIrectifrui
with rocks arid seduients, is tire Kelvini-\ ito model, in Mhich, as irirhiralls defined,
coripressional -wave velocity varies with Ii requiency:. arid at tenruationt. at f'requencies of
interest in underwater icousrics arid geopltx sics, increases \A ir thre squtare of frequency.
Wh'ite ( i6, p. I110-1 12) has a thoiroughi disetinrit theory aid experlimental evideile,
on this subject, and conicludes, Ip. I 121) that nithfler veltrei -nr at teiriiat ion, shONss this

9
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Irequreilc decpe' iderice, ald tire \'oigi solid annot be con side red anr adequate mnodel ofi
earth I ImateII als. Il Iv1\ ne firct al evidence ot th is report (ard ot reprirts Ii pre paration)

Ii teeml d w% il tfil, coircirsrroii
A groNni i hod' oI e\1eiintal evid~ence ill the field and Iahirratofrv h~is lni-

I rvel placed sevelal pr ohable restictirons omn iron eldj Ms o nrdels and eqlia tin i. Fo
evdrrrple. velCities2 and ellerl-Nv danirpitig art,' ndepo;ident (it IrequewN . aird Pal ai a tenou-
atrori rrrae appiir\irilatel\ jirrearfl \ 111 iilreqrierrv Ill tire ranige ol treqiueircics oI hlost
Iitelrc, Il inegiedrine. irar life geophvscs and 1underwaiter aco1U',!ics (Ja les hertU tkr
tire rIlegahlerte. rairge).

A vrscoelastic oir modr-lstc rrrel wxithin tire limnt,, of tire ahove rdstrictioiis,
Srilimiot specificat in rit tile niecliarics or wave arttenruatrin, his been discussed lb% \ rte

7~5 p 9-11 4). lBrrckei ( 1964) HamLriilton ct all (6 (.~l) and other\, Ili tis iriridel the
Lime conrstants, p and N. in the equationis of elasticity are replaced by comntplex I .iri.
conrstanits (P 1- jipl and (N + iX') Ini Iticit j and X represent elastic response. arid P' d
X' represent damupingr ot- save eiierg v. I his aipprorachi is based onl tire assuniption thirt all
eeents (11 tile errirple\ iitti c,)nstaitt are inidepenrdent it lcqueirc\ iii tire raile of

frequencies ot interest in mnost problemis of engineering. geirplisics, and~ urrdersateF
aiOiSticS. T ie basic equations ofi this and associated miodeis are presented inl papers bv
[:\,ile Cr al. 1 1957 ), Bucker f'1964), White ( 1965). aird I lamlilton ei al- ( 1969).

Tire assumtioin tihat tire com1plex Lant constants are Indepetndent ill frequency
front a hew hrertz to the megahiertz range implies that their elastic, or real, parts,.j ii nd Ni,

are independent o!i frequenc\ . Because these constants, and density, govern waLve
velocities it is lurtler implied that borth compressional- and shear-wave veloicities are
independent of frequenter (in h teratrire: "tio dispersion rif velrrcit w i likeqncy )

Tire subject of possible dispersiotn s ili he discussed Ini a later Sect lon.
If' the complex Lime constants are independent of frequenc\ , their imaginary

parts, wiclh govern enerrW losses III wave propagating tilrtri a ruedruin, must be
independent of trequenes\ . Blot j 1962, p. 1498 1 noted that tire imagintary parr t oficom-
plex rigidity l and )ire r oiperators invoiked in ensig) lolsses)I represcllt a daming \hIch
%aries very little S thin a relat iveis larg2e range o1flrequencY. Thre independence if -Lire
dissipat ie parts of the comlplex I.-atuie constants Iroiii freqluetrcv is implied in the studies
01 ener,!N lorsses in earthr tmaterials. whlere tire Specific slissipat nh1 function, I iQ arid the
lLarilhiric deerient. -1, lirave been shown to be irideperidcnt of freonerres river a rane
of at iea't I0 liz I Knopriff and Miacdonald. 1 95 ,1uite, 1615;: Bradlev and Forrt, 196o,.
Attell and Ranralra. 19661.

I ti,' tau Csdeuice that tire conimpiex Lamn" constants arc indepenident iii Ire-

qilnrre it) i iah-porrisit Sediment s was tecetitly ftrrnished bN Cohen ( 1 9681_ lie Iceas-J
fired boilh a and ija' in comtplex rigidity (p + ija'j iii artificial, laboratory, sediments
composed of kaolinite and bentonite in distilled vater. with and -without a iletilocculating;
agent.- Cohien demonstrated that both p and ip' were indepetndet rf frequency Ili thre
tanve 8.6 to 43.2 ki lz Ili flocculated clay. but when a deflocculating agent \&as aidded,
tire flocculated structure of the clay sedimuent dispersed, tile mnaterial lost all rigidit% ., A,
and behaved as a Newtoinian VISCOUS fluid in which 4r' was "viscusitN j, arid was linlearly
dependent on frequency . Tire aidditlion of 35.5 ppt of NaCi caused retlocculation. arid
compieX rigidity -Aas the satme as before. Because ip' governs energy dissipation, this
demoinstratioin that ip' was independent of frequency extends tire ralie of trequency-
itndepenidence of tire dissipatiron constant, I jQ, frorm rock to flocrulated clay structures.
Other aspects ot this study" wiil be discussed in iater Sections.

Ancthier implication of the assumption that thle complex Laint comnstants are
independent of frequency is that attenuiation in dlA 'nrit length, a, increases hlearl
wAith frequencv If(\Voitc. 1965. p. 98). Recent summaries of wok in this field indicate
tihat. for most earth materiais, there is a small variation around linearity inl the range of

10



ttCqueicbiCC of inter est In unde ra te r acou sics and Fet p1 tsics; tilat is, In (ie rel atijontshi p,
Kt= !P iic cexpotient "n- is about one. Ini clean sands, however, there is some evidence

that the ex ponlet i a he nearer 0.5 INolle, et al., 1903. Hanmpton, 1967 ), but tim matter
requires tither study in natural niarlile sands. A linear relation of attenluationl with
irctlelCvI :las beer] suLccsslly Used by ( ole ( 1965) Ill ext raPolJrin resonant-chamrber
altel~lallons :11 mailne sedlinen'ts at 21) to 40 klz doss n to 100 111. 'nd Wood anid

'~Xstol ( 9~.Ill anl exper imlent Ii a n dal mutd flat, foilnid all approximale :ieacr depend-
51Ci i l tuEi c I retieticv range Itrot .4 to 50 11 I.

Tile elemen~ts of the comiplex Laine coilstatlts Wp, p', Xs, aid X') can be comlpuited

f- tile veiirSit\ andi attentlation of tile coMprSSIOttall wave, ve1L)citx of (t lie shear wAave, anid
deiisit% ale known, and hulk viscoshy, is assumed to he zero. "Btilk VIScosity is a
pheCISnmenon related to the timi lag wicih niaN occ ur between pressure and volumle

cilallee (JaCVer. 1962, p, '71 i iot, l %2_, p). 1492). it is analogous to thle elastic buik
mPodluls, K X + 2iw,3. Setting bulk visCOSity equal to zero W~ -2,u'; 3) is a sinlplttica-

tih ll i(h has beenl used by Jaeger ( 1962, p.1 71 ). I-wing, cr al. 1l957, p. 273). Biot
(I92) and others.

Recelittl\ . in silO me'asuiremen ts Wce m oade (froil a researcil Submersible) Ii
sands arnd silt-clays of tlie velocities aid attenuations of comlfpressional waves, and veloc-

ities o1 Stoneiey waves (from which shear waves were comlputed), Tiiese oleasuicienets

allokked telltalive evaluationls of tile above v'l5coelastic mlode'l, and 'ortlpltations ot'hLoth
elastic I iloikean) constanlts and tile complex Lamei ct lstantS of lile viscoelastic model

(li ailt on et al-, 1969). These com~putationis affirmled that either Iliookeaiielastic or
ViSCOelaStic equaljons call be used to derive thle same comprcssional- amid shear-wAave

veiocities and associated elaszic constants-

Thme autilor heficses that the evidence of the pirescml reprt, ugainst h11 lheo.

retical and Ceipcirietal basilgeoulld outinicd above, stusongi supports the 11sC of thme
litsokcri. ( "'closed %% selCastic tuodel anid iis eqotatoms Ii ctlipittations and prcdic-

tion 5115 tile velocities ot' comipressionli and shear waves, arid other elastic conslants.
I ritlil l iarine sedimients

Pertinent Equations of Elasticity

If tile I iook can modcel, or tile HIookeait comlpone nt In i nore comle x niod ci .

is approxititatelr correct for studN ing the veiocities of comhpressitonal and sliear sNas in

,_aturatc. dis Ldsscai Ckjk]IIMa (ri 1 U 3titclt can be used to cotliputc tilubk

constants not imeastured. denisity, dnC any two of the othecr elastic constants are requ ired

Ill tile case of water-saturated sediiiienits, the density arid conpresiional-wAie velocity
can be casily mneasured or can be closely predicted (as discussed in Parts I aind 111). The
best third Constant for Cojnpli tat ions of the elastic constants of marine sediments is tie
velocits of shear waves, at least for purposes of underwater sound aiid geophysic-s.

Infioriiation on tite velocit% of' shear Aaves tn mlarine sediments is rare, in !act,

I t is so r are that one of the prinicipal corntributionus of- this report could be in tile coinputa-
litmus of siiear-ss ave velocities I icih. in effct, cunst Itul *,redictionis of the s almes
expectable ill natural marine sedtmnents). Comparisoin Of experimniirtal withl coruted

values uf shear-wave velocities will be trade Ii a later sectionl.

Licking stittiiemt infornidtioll onl shear-wave wI 'cities, the thlird Constant used
here for computations of elastic constants is the biilk niodlltis, or Iiicoillpressihihitv (ile
reciprocal of coinpressibility ). Ilhis constant was selected becaose it is possible to comt-
pute, itI: logical manner, the bjulk iidulit of the sediment (w aler-tnineral) ss stcoi fronm



its coIlipulicitii %tliott est itionis. this subject will be discubsed III dcail Ill tile [text
sectI On N~to iTo th0 s d11C IscussiotIS te CPC[rtitlcnt Ciluat Iu01s 0f 1 IasticitN shtoil Id be
reviewecd. The equation\ favored are those involving thle tWO Measured constants Wdeil-
sirs' and cornipressional-wave velcicits ) and the hulk modulus.

lThe basic eqii t ion lu i the vel oci it'o a comnprebsionil wive, 1', is

k= I Inipressibility or bulk modulus

j= shear (rigidity) miodulus

p = density

.= coipi 'ssibhty.

'Alien a miedium lacks rigidity, 1j, equation I becomes

I = (A ) or , = ,t(2a)

Equation 2 applies to any liquid, emulsion, or suspension which lacks inzidity.
For a unit volume of a suspension Or porous material, lackinR rigidity and coin-

posed of water and mineral grains, COMPressibility1, 3, and density. p, in equatiun 2b iiave
been expanded inito

Os n= , I4 *(- ,35 (3a)

or, expressed as K,.

K, n( (3b)
n i K l+ K

p= np, - li) P (4)

sAliere

n - v-lui it-F port: space occupied b), A aier I im- raiortA porosi t v, sub c ripi
"s- and "w" Ind icate mineral sol ids and A ater. , . is comnputed wI th CLquIatt on 2a,

and i35 with the Voigt-Reuss-lIfill averaging method iJiscussed belov.), and "stv" is
used to indicate system moduli coniputcd Aith these two cotntponents dloiie,
and to differentiate such moduli from the system bulk moduli. K (as
;n equatiojnS 7- 1 ().

The result, when expanded and p (eqs- 3 and 4) aire used in equation 2,

- 1 1 /2

+ I[u ~- n ) I1[n p + ( I- r)PI!1

is k no\N u as tile Wood equationl (Wood, 19Q41 ), its experimntal arid theoretical justif ica-
tion was a ffirmed by Urick ( 1947) and Charnritfe ( 195 5).

12



Te basic equao lull il e velolcity ol a shear wadve, Iis

I (pi)
1

'-(6)

StibS(ItUtHir pu p 1, intol equation I yields

K V, 4,3 1\(7)

which is thre liesi eqiiatioi or tile deteriliati~iri (d the bulk niroduiris, K,%kleii P I j
adp are known

Ill tire present stuid% I arnd p s% cre measured, anid t, cmiipited (as discussed in
thc next section) These tlree cinslatrs were thein f dviid ini compu tation.,i t- the other
ctI I st ait \% len [I Aas riot kntowkn) Tie equatiotns uised oocre

s p 19)

3% p 2 (V V 2

Poisson's ratio, o P p i(()
3 pI 2 P

Lannes constant, X = K 23 p (I

RESULTS AND CONCLUSIONS

The Bulk Modulus of Saturated Sediment
INTROD)UCTION

Tne best valuies ior dvraLcbuk rniiOul of w ater-saturated sedimients arc
,ibtaiired when jensities and conmpressional- and slrear-wave velocities are knoA in (eq .i1

1,=(- P2 _-; 42F3). Lacking slresr-\N ave velocities, tire problemn is to colipu te irf:a;I
logical nianil"r without emlpirical estuitions, or constants, values for bulk inoduli wohich
can then be used with measured densities and compressional-wave velo)cities tio compute
tire oilier elastic cornstairts.

As rioted in a previous section, it has been demonstrated that coirprexsihrliticsI
and their reciprocals, itncomnpressibilities or bulk inrodulh, can be coniuied for a unit
Volurne of a rock or mineral aggregate troin the voluirretric contributions cl its compol-

ocir ts. I le questionr is: canl air aggregate theory he applied to) relativel hghhy pmoos
satritd sedimnents" As a first approach to this question. experimenial wo)rk dont; bN
Urick j1947) proved that ali aggregate t iin the tornin of equarion 3a could be jpplied

to LSPtenSiornS L . saoLnite in distilled water. Lirick used a delloectient in these experi-
cuets, which pre-, -ted flocculation of die kaolirite (to formn clay-mnineral structures).

thus, the material was a true suspension without rigidity and tire Wkood equa-
tion (5J applied.

13



Itla1it 1lt1st ( al. I 195 ) Com11puted elasti ICons1'tanI t S, 15114 CU tIi.titiis I k)1
naturial Illa ine scsIis icli s srsisg measu red deiics atid ii it es iotial -wave %e oc it cs

arid valiCse f5w agglegate Com1pressibilities, lJ, com11plted witlh equa~tions 3a. excepit

dhat inieral cionprcsilhilities vseie cosspisied with the Rein.' siseliod. Such coluputa-

huolls impix (see eq. I) tlitl if P1 2 >N, .11 ill ei: excss is disc s.' dxN 1i.ansic Iigidits. .
&Isie:l is. thei'rctical present I (asi noted bN Nafe. asnd 1)iake. jtip3, p. NON5) but apt to

be vet\ v iall L.ackisist slieji-wave veloicities ((-- othert issdepleidesstlx isseasisid cs-lit

Iisl- 1u1e10 Is nould not, ait Lisat tise . be evalL Cs d -

Tser e are liowA sol It L:ciit data tLi om1 I abo rat or 111d fIetld CXPCe 1s11esII sI whet C
shear-wave velocities and otlici cosnstanits wes e measusied ito allow evaluisaoss of acges etat

helio r ics, aIs applied to sat usiated sedimetss aid ito i nsprove the methiiod s tot coisipsinsg
bulk modiuli. Its (lie cases where compressional- aind slsear-xsaive velocits anid deiCssst
have beesn measured inl a satnsiated. porous sedimenst t tick, i true value Of tile S\.tesss
bulk mioduIlus, K (eq. 7). is alwavs greater than ais aggregate bulk umodulus, k5 , detes -

mnsed from equsatioins 3a,. b. Tire differeince lies its a riecessasv additive comprosielt oIi

die bulk miodulus of the svstem. (lse "skeletal, strusetuial , or ti sun bulk inoduss
Witlh this incremnt, tie aggieg ate theory appeals it) be valid lor comsputationss of bulk

moduli and coispressibilities 0f Saturated sedisneists.
Is figure I ,pl-, 2 is plottd agaiiist an aggre.gate bulk modulus s eq. 31))

which does isot inclt Ide tlie framne-bulk, modulus. If thre Wood equat iss (5) apph cd ti'r
these deep-sea sediments, they woul1d be stspestsioiit lackiisg rigidity and framne-bulk
moduli; consequently. the linle, p i K , shownl Oui figure I would adequat clv dehaus
these sediments. The fact that they all fall above the hune indicates thsat K is not
adequately defined or ((sat rigidity is present, or both
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-0 3.40
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0 .20 -V

z 3.0OOV OW
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2.60 2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50
KS I SULK MODULUS, dynes/cm' x 3ir

I igure t. Bulk modulus. x~ siiout a flame bulk inoduLu,,: P.? p 2
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11It is ZCiec.Ic tlC pareilt jieslil belowA) Ilia( aliost all Inalite sedimentils
iiaw Ilit'iblie iigitlities adi tidlltlit Nhear wt T.1iii i~ict. ltt5 lit iced [or a
li aiii-lirtlk, :nothrllis I', Ali Ilcielmcwl to qiqrkc.tt hul1k itoduilli ldisstd aibtie).

igiicate ta tlcvit ills IriltIflie Wood equattwli 1ii' inl tip It ami title Iii the pieseiiee
oftitliot icidtv aid at lii bulk itodiifti lot Ciolmpiitatiois ofl bet siies of
boll) I'guiltY\ alluf shell -WaYvc seloiiies (airs othre oti'istiit), tire trantebtilk mrodulus
i1' 1"i he coiisidvred iillljllilii of the hulk ll'idilil of thlessili

COMPONENTS OF THE BULK MOI)ULUS

Ini 1ii 'tiid% ki tilte elalsticity\ ill p54011; imedia t nicks and serirlielul). (,asnlalll

I 1 1coiiicd tlie ''closed s\sleln iii NSi;l th, waletr ss hin pore spaces doe s lot

'cilhltc- wilidel the siiaff stress oft alli elastic wave, aiid tIlasti ilodiihi are elu
filed with tile eqtiitioiis ki elastIiit. Ald(ituigli Biot 1 11141 ) must be cre-dited ss iii tlie
C,1l1\ tilsssir Of thie 'closed Ns sein I ir- t sol taitcCist. diii) (iasIliali ( 95 I)
lids a paiiiuilaifv clear disetissiorr of tile factors invohed Ili ciillputiolls ot LIvilamlic

elaicNulllts Iniwtrstiaei psiroili iiiedid.

(;s 9iliii I ) Iiiefllii''i I- ill M'I " i if a: i U
1

0:I-. 0t1 big .sl

insiduliu finl satniated rocks 10011l Iitasireiih tit ofCwiinipCiisilA- and slltej-wave

vehciice addctfesits till drv miateriail. Isl equiltiolis Idiscusse below) ale tus ied ill a

differenti v. d. Ii this report, to derive aii eseiltal conlpuuieit of Ifie sssteirl bulk

m-iodulus ( I:. frante bulk nodulus"), atid thln'it)l couulte bulk nioduli tot the sedi-
nierits t6 tis report.

lIn dei ism liu hisetudtili, (iassiitaiiii used file piiiciplc ,it effct ie pressure
fromtr tire tield of soil iliclianic%, for details set aii; text hook ii oil iieciiaiiics
tSkemipton, l9o1, itas a particularly 11ood dis1cONssll):

=, t otal pit'sstiii

=1 li.x dristat ic pr, ssilre

P = elect~e, iwegraular. pressure

Lpoun application oif a total pressurefi) , upon all sides oF a unit volutie oft a
porous, eIised-svssrem"i medium, there are tiurcz press ure ettctis. i!) tule elfect oft
11% drtat ic pi esilte P, in the putle Water, ( 2) tile effec;t tif hy.%drostatic pressure. J/

til thle tniii'ral gra ins w5helh Itirtiile ratt1311e. stisIetnre. or skeleton. oft the setfiment,
and (3, the tifuective, or iiergratiuli , pressure PJ, onl the train. These pressures.,

wheni related to the cotupressibilities of rthe mnieiaf anid wvater coilpo11lints ,I tilt

iii ulit IU1t'. result ili thiree compotnenit ctiriprt'ssibiliiies (or their reciproc:als. bulk
inuduhI . At an\ giveni pressure. these bulk nioduhi are depeildelt on puursuit v. aiid
are related to the sy stem bulk modulUS, K , b\ ('Iassmdil s basic eqult rii I. fi asNIrtau

li Ip. IS)

i+KM s

ii S{1a



where

= aggregate bulk modulus of mineral solids

K bulk modulus of pmic 'aAit

Kf = frame-bulk modulus ("skeletal" bulk modulus of (,assmnnn)

i = iractional porosity.

Gassmlann's paper (1951) is in (;ernan and lie did not show the complete
derivation of equation 13a; thereore, it is fully developed in Appendix A.

llen solved for K qiution 13a becomes

f 1 - + K I3b)
i(KS - X + .(KI

Wh-n the bulk modulus of the skeleton or frame, -, is zero, equation 13a

reduces to the Wood equation I ! ) for a suspension of mineral grains in water. When
porosity is zero (i.e., a solid cube of minerals), equattoi 13a and b reduce to

K =K K
f S

White and Sengbush (1953) and Wyllie, Gregory, and Gardner (1956), with

proper reference to Gassmarnn ( 195 1), came to the same conclusions regarding tile

relationships of the bulk moduli as shown in equation 13a. Laughion's (1957)
"structural bulk modulus" is, ot course, fundamentally the same as (;issrnait's

skeletal bulk modulus.
The only difference between Gassmann's skeletal bulk modulus, Kk and

Laughton's structural bulk modulus, K, is that in the fundamental eqations, relating
pressures and compressibilities, Gassmann included effective pressure on mineral
compressibilities (tIe., P B or P /s ) and Laughton omitted this effect. As a result,

C S - e
at high porosities, K and K are close together, but diverge at lower porosities

skel c
because, as porosity approaches zero, hydrostatic pressure approaches zero, and total
pressure approaches effective pressure (eq. 12). Laughton's equation (K 

= 
K, + K
"p! C"

wherein K m is zsw in equation 3b) rcsu!!s in the unacceptable so:lion, at zero
porosity, that K X - K s Thus, in a rigorous solution, Gassrtarn's prior equations
should be used, especially with the lower porosities of sands and rocks.

Using Gassmann's equation (13a) to derive the system bulk modulus for

saturated sediment (without a gas phase), one needs to know four components:

porosity, n the bulk modulus of the pore water, KW the aggregate bulk modulus of the

mineral solids, K S and the frame bulk modulus, x

The basi- assumption underlying compuations of the bulk modulus of pore

water in sediments (in this report) is that pore water and bottom water have the same

salinity. Siever ei al. (1965) and Friedman et al. ( 1968) have shown that this assurnp-

tioli is valid within small limits. Any changes uf sound velocity and density caused
by these salinity differences can be disregarded. Thus, the values of the bulk modulus

of distilled and seawater can be found in tables or computed with equation 2a, b and

used as the bulk modulus of sediment pore water, - Some typical values for sea-

water are listed in Appendix B.
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III ieCs'iit years. the IJILCitistatits of tile Motie Cirirrittitt rirriterals have either
bteri deterrujijd or revised lix I numriber ofl spetiarlrsrs. Afrtitiot is especialls dirteld
Io two recent coinpilatirius Which also Iniclute excen discussons aiid iiuntetrro ulr
cnccs Muich, 196Anidursursi aid Ir1-1her1linn 190SI. lic-iriseu of(ic-ir cutomnuli

KC0'iit're n f1)iltili' stufliCiiitifs aftiiit.1 is also diretted fit itfuIrts titi (alcie

('c cliek. 19)62), on quaril McSkirii i al c. 39h5. Soup. 196hX, on liics. liut rulrde.
dirt! IL'dspairs (( iiisttiisei. I oti i9iiij iti oisiliiii t'uaiiliiiaiii (-I at- I 'Wi I.:1ntd filit
bulk niodiuli of oxides (Aid; . ,aed Na Ilu. 19(6SF

1I lie iailabilli ofthilese' iuCt'. accinate Inic,isiieiir'it of filitelsi ciisiiit'

otl mnrerals alliurse ot the( Vuitgi ken''] Jill aseragirigj rnielid lriecafter filit ''\Ri

somii .uiitidtltt (relecriis rrrdei paiargrapli iiiuii1)ilt 2. atx) A,, 1 1ll ( 1952, l9u3 il

pointed out, thfe Reuss average issilnits itfifrirur sttes iiiin tile igureeft. arid ;i lowecr
limit to nlcolinpressihilift. K A'is tunpiitcd "W

T11e Vtig't averaging ithoid assnines unit inn straii wkith flte agrcegate arid ait upper
niIItIl o riurpiessibrl it\ . . is comuted ithl

Where

V arid F , = fractionial cocrtaiitof pfisses jrnrneral species) ii' a uniit
vo lunme

K -md h, = Jiict0inriresifihiIrties ( hulk nioduli) of rue plum~es

H-Iill shirued that thte corret average lies lialiwax betwecen flit Reis' aid \'oiet avut -

ages; thius, the eompuited bulk modullus, K, itt the aggregate Is

& =(K R+ K I )2

H ill (1963, p. 361) notted furl both the Reuss and Voigt averages werie "rat fter poor

wie;the hs c ia! dffe: I" -- re .han ta3t-' -f 2 t'- s P' it' is shs r- -' 1ue
t rue, for example, if [lire V RII rmetod is, tied four a two-phase sUSPCniIrIfiT com1posed tI

wkafen and mineral partidles.
Tire aggregate bulk urodulmi of militiral grains. Ks ,WaS cttinpiled Ill this siuudv

by using tire \'RII averagig muthoitd.
The twilt rernaiiir etonstait needed to compiute thre bulk modultis Of' a satIi-

rated sedlimntl (sing eq. I 3a) is ft frame bulk nrodlh, K I.The reennurnenlded \\;i%

to' deise this value (ftor use iii eq 13a) is it) entler a curs e icif rg tis cotttsant f(r

prrosits tir void ratio (viulirnit of vuids/rojlIurte of solids). These curves have heeni

derivied in twtr ways: by Laugitn (I t)57) ung drained, -static cOitupicuiriti tests, aold
ir tis report by solving equration I 13h) wkith carefull% seiected data which Inclutfe

vaues for denslity, and cornpressiurnal- arid sirear-\Nave selocit ics, as described Iseluiw.

Laughtutli ( 1957) derived twit curves relating static frame-bulk moduli tot voiid
ratios through a series of drained eonressi'on test, n twO deep-sea sedimireit types

a caicarcous otuec arid a ''teurrlenui rird - As Laucghton noted, a statue tel . because
Of VarioUs laboratofr testing difficulties, has wide margins Of error flife esrrrrared plus
or nminus 2.5 X 101() dy ufes/eir-fur ]ITs tesis). Althirugl ticttreticadls rs~ihie Ir

d\ riartic ctirptiatloi'.is a static cirpuessoItC test l tue frame hlk miOIus IS lCss apt
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tI be ais til Itt a dNiinaimicallk OIt
Ctiriiimcd l riiduil'. elI'Ccialls I'm tile plipottx ,I

c(aauari ithe dJ laalac: cLIllei eolaitairt.I whiIIJ me us~ilC III lIIIkiCI\%jICi "iiiid ,I
gcoplr>, sacal studies.

DN NAMI I'RANIL BULLK MODULUS

A "d\~ lwiii I i allict'lll huhk rOulus.- K, J>.t u ii: t1 01i' 1, oni' e dt'I L -
iiiiiitd %il I I equal IIll I .' 1. 1 d I aticI, ,llhiC' ii lt) I I' l I ki 11115 )(1111 i1~h u iLi I I I l I'

hat'lik ckrli.(0

I Ilet mxmtiiillit 1 tla ir Stl I Ilicl ilut ofl the Celt. eII, itt c i t IrIIlelatsC !, 'Iind

riiilc'ssolai3,iid N1heai JV * Vavt' .11C velii1tie riICIA lC ca IIIe In Ic~k\ ulid sedlraueitu diaiiiic
IheI past I" \YearIs. Ii rI cI\ l IIs, I I) Ic thC III N\ opiiiio0ii coli'pulat IIuII, cif NN st iia k
Inadih (h III LqN. 7 anld M iaid valUes 101 thC 'ulik MiOdulr 0t piiic' .Nalt'I ard
ii inA i'N anid I" I toi enough ok and edinicit III delinc. jppIw\iiarei\. rehsticiii
lps hictweenl dviiarili Iramaic'-lmlk riioduhi Ja1d pirausill O\~ and ti III eq. 13'1. lb).

IData Mc'hith call lie' wsed III viiriapntulaiol IIa dN iranit lixiue-lbilk araodmhiius
u15110 eqUMIiii I 13b, munst meet !lie iollcas 1qit ;qumermcnIi

1. Mersicairrs m Include hratl cotnpatessiiiial. anid slieai-ssavc Velocities in

\,altr-stitjed sethitiatit ciiocks,.

2. Density and poolijt\ arc kiioi n, or can be ciamiputed troni kiinw'ii dato

3 h': - liiirahogyN ofl thle lmudiuni is Kiuwii 0 iicludiii pelceitage tit voulii

oft spekcs), tir c:an be reasonable C't unit ed.

4. The nature iof rte pot' ilmd is know~n. or calli c rascurabIs Inta t'd.

-5. The iempeiatirc w\ithn rte iredi it tile iot licIte Velocity arreasiiie
lmits is kriccrii tr ciii be icasoinal.nt ulied.

6.Tie pr essrr oni te m~m t nit'diil ;\. k tow ii or cam lie comipu let
(because aln bulk modulus varies with pressure).

A selectman of data I troin(tie literature and trim lield woi b the authl
and Bucker) which miet the abtv requircieent s w.as used to comupute dv% lami, IC i tile-
bill!, liutduli for a %iandy ct 1saturated rock, anid setnrrenits. I !it'Ct iOctIWI sWere tile!!5

plottcd against porosity 4(fig. '-)-Ail data iil flim at 2 wer ateferred toi ala apprciXIrrua!t,
cuomimonr pressure wiuch wvould be expectable with I mieteri lessN, ni taci burden paies-
sure, arid a comnaiom tempe'ratuiire ol 23CC7 temiperature is pa it rcuata Imairp ort anat Ill

comnp ining eunipressibilitiea of pore fluids.
lIn a previous section it was uoted that Ill GJNsrauaranfs CquIiOii ( I 3b.Whara

poriosit ivs zearo , the bualk ma u m att tie frme e qsr' tl le bualk iiaodnaluis ot rite sold
mineral (ort tile ;aagrcgate of minerals): this allows a valiad point toa be plotted at zero
palsN Foui uhint anre trdeaszon lirtm mediao file sam quartz Iog, should
porsit F ou d U ha :h11 anregroession Z e oromia Ill rIteme uaiaiie(Soga hol
calcite (Peselilck, 1962). arid two aggregate VaUeiS for sedinierits oft 'Sari Diegoa
(Appendix Bj-

A single regression lame is shown iat figure 2 f'or all data. I losrever . tis line
should be considered is approximate because of the sparse data arid bek:,ufiether shouirld
be individual lines for each sediment-rock rmaiiaal type. Exaimis or these aIes ShtOiid
be 41) relatively pure calcitic linmestories, sands, arid calcarcuus oozesN, I 2) relatively pure
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lei riocinirs in idt I 95 h. 14. p. 25S ). The l owest pressures at wich Laughiton
ohtaiiied static naiiiieisof framrc-holk imoduli (his &, calcareous ooze (ail esti-
mate at P = kg-cim2 Iand terrigenous mud (P = lo Kg cmfl2 ) are included in f-igure 2
for comparison wAith the de nanric nioduh. Othor Noores of data trir points In fivure2
Mie saiidso:ie (King, 11)(t0), 1Ilagic Ford shale Okh cc aid Seiighrisi193 and sandi
atnd silIts_ clas otIt San D~iego 0( lain ilI toin cil I at,1'9Y

Computations and Discussions of Elastic
Constants
INTRODUCTION

The elastic constants for %arious seuciiiciit t\ pes wkithin the three environment,
were computed with equations 7 to 11. 1 hie input data were ( I) measured values of
sturated bulk densities and compressional-wave velocities (Part 1, table-, I and 2: re-

produiced in this report as tables D -1 and D-2, Appendix D) and, (2): computed valuts
of bulk moduli, K, using equation I 3a with: ( a) measured valties ot porosities. n
(Part L. tables I and 2)-. (b) computed values for tic., buik moduli of the porie water,

%.,using cquation '?a,b * (c) computed values for the aggregate bull: moduli of' the
mineral grains,.x., using literature values for the bulk moduli of- Individual minerals
and summingz their individual volumetric contributions to the aggregate bulk moduli
using the VRII method: and (dt valiies computed foi the framne-hulk moduli. K, by
entering the regressionr equations f or sands aiid cla--silt (fic. 2, Appendix C). I

The computed elastic constants are listed in tabte~s I and 2. The relation-
ships or several constants with other physical proper',ies are shown in the figeures-

All of the rnput data noted above have m~rgins ot error. soime known and
s-'ine unknowkn. Ali of the computed constants should be ornsidered approximations.
Consequently,, no attempt was made to statistically estimate varianc.es or errors in thre
final comptitations. The number-, of' decimal places shown in) the tables are tur purpose,
of' coinpairison between the various computations aid should not be taken as the
author's estimate of accuracy.

Comoutations of elasti, constants are stroctgl% depeiident on ajccurately
easurej s'alues of density., poiosit\ . and compressional velocity An examination of

equiatin; I and I Sa indicate wh-, this i s true, If pl' 2 is not greater than the com-
putkd hulk modulus, K (which is stroiiglv dependent on p rosit% ). there i& nil rigicii\
or shear wave, and Pos-oir s ratio is 0- Because tlse rigidity modulus, p, is so sm.ll
itt most marine seduments, inaccurate values of1 i. V - and Pt. especially. may. result in
computations indicaung no. or too great, rigidity. or these reasons,-all attempts
should be inade in the laboratory to improve measurements of' thsese properties. For
examole, *'saturated Jensities" should be truly. -ul saturated (not always eas% in
sands), and properties should be -salt-free" (i.e., no dried salt weighied with tile dried
mninerals, -see Part I). Accurate measurement of bulk grain densitN , without salr, aids in
cross-checking densityr and porosity valties (Part 1) In the computed elastic constants
listed iti tables I nd 2, x > pi" 2 tn some principal sediment t\ pes, as follows 3 out ot-
of 40 cases InI continental-terrace clavev silts. I out of 52 cases in abyssai-plain silt-
clays, nuose out of 41 in abyssal-hill silt-clavs. and 2 out of' 9 in fine sand, these cases
were not included in the averages Of Ma, 1 5 o' Or. For this reason, but mostly because of
rounding ot, at a lower number of decirni:i places than used in the coimputationis, the
average values in the tables cantnot usually be exactly interrelated with the elastic
equations.

It should be crnphasized that al; values for the elastic constants arC! for a temp.
erature of- 23'C and I atmosphere ol pressure. Methods for relating these constants, to
in situ salues will be discuswed iii Fart : l~l(Pedictirm
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EFFECTS OF USING A FRAMIE-BULK MODULUS

A value lo! a "system bulk modulus," K, call bc computed from i ts compo-
nents (and porosity) in two ways. (1) using the moduli for pore water, K ~, -'md
minerals, K,. iii equation 3b, and assumning that x... is K, or (2) using moduli for pore
water, inuirerals. and a ti ame-bulk modulus, K, fin equation 1 3a. The effect of using a
framie-bulk modulus is to increase the value of the svstemn-bulk modulus by a small, but
significant amount. Whien mecasured values of density anid comnp re ssion al -wave velocity
are used with computed values for K to compute rigidity, pa (eq. 8), all increase ilK

reduces the -value of rigidity. Lowe\%r ugidities cause lower shear-wave velocities (eq. 6).
Vnumerical C X311plCS of the ufierences in K, p., and V, when K is compuOted wt ils arid
withlout X, are pien below.

System Bulk Modulus Used* V5J
(dynles 1n]Z X 1010) (dynes. cm 2 X 10101 %m..sec)**

1. -Fine sand (i5r-

v.,(without K., 5.0333 0-6997 594

K (with Kf 5 5418 0.3183 401

2. Abyssal-hll slty :]ay. (rz=84.3,-(

K,,, (without K 28165 0.1151 296

K (With K f ): 2-8292 0.1056 284

's,.eq Wbi<. eq. 13a

2 p-K 3 X.4

V2

Differences in rigidities and shear-wave velocities are greater iii the lower-
pot osity sands (ahove) because Kincreases with decreasing porosity (frg. 2). causirng
i larger difference between the two bulk moduli (K,,~ and K).

COMPRESSIBILITY AND INCOMPRESSIBILITY (BULK MODULUS)I The theoretical and experimiental evidensce concerning coinpressibilit% and
the bulk modulus have been discussed in previous sections; therefore, this section willI be confined to empirical relationships.

Because the bulk modulus is favored in the computations, values of compressi-

bility' are not listed in tables I and 2. However, if desired, they can be easily computed

At any given temperature and pressure, values of compressibility and the bulkI ~ modulus vary within a small range in both pore water and mineral solids (Appendix B).
The volumectric contributions of both of these moduli, arid the frame-bulk modulus, are
strongly dependent on porosity, n, spa.-e occupied b) water, or (I1 .0), the space
occupied by mineral solids inl a unit volume. Therefore, it is no surprise to find that the
plots of computed values of 3 or x vs. n or density. p, show a good correlation

(figs. 3.10).
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Values for , or K at 23°C and I atmosphere can be derived by entering figures 3
to 10 with density or porosity, or by use of the regression equations for the bulk modulus
shown in the figures (see Appendix C).

The bulk moduli of the deep-wat'r sediments are plotted against p t p2 in fig_
ure I I, together with a line, p I' P = K. In this figure the values of X contain the frame-
bulk modulus, and are assumed to repres.nt "true" values of x (as compared with fig. 1,
in which Ks lacked frame-bulk moduli). If these are true values of K, the divergence of

the data points from the line indicate the presence (and values) of rigidity P T,,P2  K +

4/3W).
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RIGIDITN (SHEAR) MODULUS AND SHEAR-WAVE VELOCITY

INTRODUCTION

ITherc has long been a question in marine geophy sics aiid underwater acoustics:
do surficial , natural, marine sediments have enough rigidi t to allow transmiission of
shear waves; and, if so, what are reasonable valuies of these moduli? The answer
appears to be that I I) in sonic bays and estuaries, near riser deltas, and in a few other
localities, sediments are deposited at a last rate, lack appreciable structural strength,
and I-r all practical purposes arc little moie thin suspenisions. however, (2) almost all
of the remainder of conl iiieintail-terrace and deep-sea sedimenits should possess eunough
rigidity to allow transinissioni of shear waves.

The evidence for the above statements can be divided Into experimental evi
dence iii the laboralor% and in sid on land and (in the sea floor, and theoretical es-i-
deuce. Because (lie presence of a shear wave is depenrdenit (in rigidlity (eq. 6), aird most
mneasu remrents hiasve been olf shcar waves, the following disiission wil i be :4revconin ed
to shear waves. Values of shear-wave velocities froin the discussions below are assembled
in table 3.

LABORATORY MEASUREMENTS OF SHEAR-WAVE VELOCITIES

InI the laboratorN , shear waves can be tiansinitted through dry and saturated
sands at relatively low normal pressures. Experimental difficulities have, so far, presented
low-pressure, laboratory measurements oif shear-wave velocities in high-porosity, natural
marine sedimeints. For example, U gliton ( 1957) was unable to measure sheai waves in
a sample of calcareous ooze until the material was compacted to a porosity of about
33 percetit under a pressure of 5 12 kgim2 .

Much of the laboratory work on shear waves in sands has come from soil-
mechanics and oil-industry, resear-ch. Recent papers which sumnmarite (anld add to) much
of this work are by Barkan ( 1962), Hardin and Richiart ( 1963, including discussions).
and Shell Development Compaiy (private comtmunication, 1965, figs. 12 and I3, this
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IABLI.3. SU!MMARY OF SHELAR-WAVE VEW-CITI-S IN
FULLY-SATURATED SHL)MENTS.

- Sediment t1/scc)I Rcf- Remnarks

Labora tory

Coaw sand 95 1 P =0.07 kg/cin2; resonant cot.; Ottawa sand

Coame sand 133 1 P = 0. 12 kg/cm 2; resonant col.; crushcd sand

Coarse sand 285 2 P I 1 .4KFgcm 2 , pulse tech.; St. Peters siid

Fine sand 260 2 P= 1.4 kg~crn ; puise tech.; St. Peters sand

Jr Situ (Land)

Sand (dense) 250 3

Medium sand 160 3
Russians soil -mechanics lit.

Fine sand 110 3

Clay 150 3J

Sand 130 3 Russian soil-mnechanics lit.; vibration: 10-35 Hi.

Sand 534 4 SO-ft depth; explosive

Clay-silt 244 4 10-ft depth;, explosive

Clay-sill 131 5 Sediment sfc; vibration: 35400O Hz

Fine sand 190 6

San d 255 I 6

Sand 230 6

Sand 227 6 Sedimien t sfc; vibration: 8.60 Hz

Clay-silt ]s0 6

" -silt 1810 6

Clay-silt 200 6

Clay 230 7 Bore hole; 3-rn deptn;, explosive (detonator)

Clay' 120 8 0 to 20 m depth (seismic logging); from V P,/ I/

Clay 170 8 0 to 10 mn depth (seismic logging); from Vr/.
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I TABIA 3 (coitiiiucd)

Sedinient lin/isec) Ref.* Rcimarks

IniSie (&a Floor I. c oinpitied troin Stonielc% waves

SiltI-<lay 50-1901 9 IWce Indian Ocean, explosive

S11 t-cla. 101 1.,

Silt-clay 107 10 San Diego Troughi explosive

Silt-ca\ 87 10 J
Medium sand t)7 1

Fine san 101 11 Corn . shiel Iof't San Diego, explosive

Theoretical

Pacific Basin 250 12

Pacific Basin 250 13

Atlantic Basin 150 14 Rayleigh \vave mnodel (in sti4 values)

Atlantic Basin 30-1 20 15

Argentine
Basin 200-400 16

Comnputed average values, this report (.230C. 1 atmosphere)

Fine sand 3N 31K Continental shelf

Silty clay 287 Continental shelf

Silty Clay I 232 Abyssal hills, Pacific Basin

Clay 195 Abyssal hills, Pacific Basin

Silty clay 240 Deep abyssal plains, adjacent to Pacific Basin

*Rcefce~.s

1. Htardin and Richart (1963, and di~cusstons) 9. Davis (1965)

2 Shell Developmient Co.. personal cornmuni~ation, 1965) 10. Hlnilton ci il. (1969P

3. Baikan (1962, It. Bucker ei al. (1964)

4. White and Sengbush 11953) 12. Kovach and Prc% (1961)

5. Jones(19S8) 13. Oliver and Dorman 4196 11

6. leukelom (1961) 14. Latham and Sutton (1966)

7. Ntoloto-a 4 1963) 15. Andviwnj And Latham. 0969)

8. Zhadin, V- V. (in Molotova and Vass1'ev, 1960) 16. S% kes and Olivet (1964)
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saturated 125 g, liter NjClI S(. I'ctcrs coarsec sand f20-3L)mcsh, 0.59-0.84 mim).
By, permission of the Shell Development Cu., Houston, Texas (private
commnunicatioin, 1965).
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reporti. Mamn of tie studies referenced in these reports also include values lot the I
Velocil, ol1compressitun al waves iii artificial sands at "full saturation" (usuallx wvih dis-

tilled waler) Most of these values iust be disregarded. The soils engineer must ktlow the
phyI, srcal plojitrlies of soils front tile diN to fully-satuIatcd state, and tire author does iot'
question those values at less than full saturationt. h.owever, unless ext,tce care is taken
to Cvacliatc all air ifroti the "saturated" samples, the vahles for cottCssiorial-wave

velocties arc a[ too low. An, values for colniprcessiital-w.tvc velocities at IO0 pelctlt 5,tut

ratitri should be well above velocities in waler. Slion 1963) illustrated tlt' 'arked
incicasec l rople ssiital-,wavc vchocit, as saturation tears 11)0 perce it. lxrunphN c if
icasolable ,alues fur citllprcssil al V!ct.ite s in artificial saids at lull saturattiil are in
reports bv Bi.indt (1960), Schori (1963), Nolle ct al. (1963), and Shell D)evelopn it to. V

(ee figs 12 arid 13). These ,allie, to; atlficial sarnls are coirsisterit with those measured 0
iw iatural sands in the laboratory, atid in sit by lamilton (r al (1956), Sliunlwax, 4 190), I

arid with tile siireeiit is of this l irt. The vTel ocity oh shear waves in fullx% satirated
sand%, is slightly lower than ici dl'or partially saturated sands (]lardin aud Richart, 1963; 1
Shell Development (o., figs. 12 aid 13).

XWIlsort aid his S tUdells at tie U. S. Naval postgraduate School ive a c,onttlUin g
program to measure dynranic rigidity it artificially sedimeinted clays arid tatural nianne
sedinsents. using a torsional oscillator resortialce technique (lHutchirs and Ailson. 196W
tutchins, 1967. Colie, 1968). Typical values of rigidit% have been: 2-16 dvnes'cnit X

10W for a 3 2
-percent concentration (by weight) oif kaol iite ill distilled water, and

4.k dvyesicrtr X 105 tr a t 9-percent ctnceitration of benti-nite in distilled water

eColter, 1908). Usiig equation 6 arid values for densit) aid rigidity trorn Coher's report,
the computed values of shear-wave velocities ill four selected samples were S to 7 rn/sec. I -
Suuie additional aspects of this work will be discussed below.

IN SITU MEASUREMENTS OF SHEAR-WAVE VELOCITIlS (LAND) -

In stit experuiellital work oti shear-wave celoerties on land has largely been b
oil-irdustm aind soil-techanics laboralori:s. White arid Seigbush 1 1953) measured shear
arid cotprcssioital velocities inl saturated sands aild other materials using explosive charges

(blasting caps) and dropped weights ill a borchole. tHeukeloit (1961) used dy rainic deflec-
tioi- techiriques to measure ngidity and slrear-wave velocities m a varietN of ilatotal sedi-
ine'i ill the Netherands. Russiait work nit soill ncchaiics ill this field was assembled b
Ba rr,;ir (1962). Jtes (1958) has described measrreimnts of dinannic properties of soils
at the Roac Research Laboratory., Har-mondwvwrth, Lngland, in which ai electromagnetic
vibrator was ased io generate elastic w;aves. TIcs: mcasur,:rncrts are of particua; itter-

est because the technique and theor> were similar to those of I)avies lt 905) arid of Bucket

c al. (1964) oI in situ ineasurements oil the sea floor.

LV'SITU MEASUREMENTS OF SHEAR-WAVE VELOCITIES (SEA FLOOR)

Davies (1965), Bucker cr al. (1964), aid Bucker aid his 0illeapties (in [larnilttor
et aL., 1969) have measured values t Stonele -wave velocities from which shear wave
velocities can be cor-nuted. Davies' measurements were itt tIne deep Indian Ocean, and
Bucker's were in sands and clay-silts (if the contmienral shell. The convCrsion of cnt-

pessioral waves to shear waves at refraction boundaries within deep-sea sediments was

reported by Nate and Drake (1957).
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THIEORETICAL VALUI S OF SHEAR-WAVE VtLOCITIES

The theoretical values of shear-wave velocities noted in this section come from
the reconcdiation of experimental data with theory in connection with the propagation
of Love and Rayleigh waves across ocean basins, and from the computations of this
report.

To get quantitative agreement between theory and observatio.s of the dispersion
of Love and Rayleigh waves across ocean basins, Kov, ch and Press (1961), and Oliver and
Dorman 1, 1961), used shear-wave velocities of 250 ni/sece in their models. Latham and
Sutton (1966), for an area near Bermuda, used a value of 150 m/see, and Sykes and
Oliver (1964) used 200 to 400 rn/sec for the Argentine Basin.

Anderson and Latham (1969) studied the dispersion of Rayleigh waves caused by
sediment layers in the sea floor between the Mid-Atlantic Ridge and Bermuda. Th,.s
derived values of shear-,ave velocities for various cases. Because sediment properties iii
the area are reasonably well known, a value fur shear-wave velocity in the upper I meter
of sediments was computed using the method described in this report. All values were
corrected to in sit values using the methods of Par Ill. The necessary data for the
sediments were taken from Htorn et al. ( 1968c): average, laboratory values of density,
porosit) , and velocity for the upper I meter of five cores taken on the Mid-Atlantic Ridge
and Sohm Abyssal Plain (Stations AS7-1, 2, 3,4, and 5) were averaged and corrected to
in situ values. The velocity of bottom water at 5000 m ( 1545 m/see) was taken from
NAVOCEANO TR171 (1965); bottom-water density was assumed to be I_05 glc. Ihe
computed in situ value for the average shear-wave velocity (148 m/see) lies between
Anderson and Latham Cases C and D ( 160 and 70 r;sec. The authors prefer Case D, but
cannot eliminate Case F which corresponds most nearly to seismic profiler results and
calls for shear-wave velocities of 30 i/sec at the iop and 120 m./sec at the bottom of a

layer 150 n. thick. Simdar computations for a generalized red clay in the l'acific Basin
at a water depth of 5000 m indicate a ediient-surface ihear-wave velocit, of about 220
m/see, which can be compared with the value of 250 mjsec u-ed Ev Kovach and Press
( 1961 and Oliver apd Dorman ( 1961 ) to reconcile experiment with theory in their
stu :ies of Rayieigh-wave dispersion.

Computed values of shear-wave velocities for each sedimeni type within each
environment in this report are listed in tabl,s I and 2. For comparison with the values
from the studies noted above, average iboralory values for several njo sediment it, pes
are also sh wn in table 3. The correction of lahoraor,, values of sediment mass phl sical
propertit.s to in situ values is a subject in Part III (TP i 45). In the case of shear-wave
velocity in surficial sedimernts, such computations indicate a progressive dccrcas' II
velocity with water depth. This velocity derease fron laborator, to 5000 in beaw:ter
depth, for a high-porosity silty clay, is of the order of 10 to 15 percent.

An examination of tabie 3 indicates that valuns computed in this report are
within the range of (and consistent withI a wide ranile of labonatot and in situ measure-

inents of ,hear waves n saturated sediments.

CAUSES Of RIGIDITY

In s turated sedi:,cnts, rigidity is related to sediment structure and the complex
factors restricting relative interparticle movements under shear stresses. In Part I, the
common sediment structures (Part I. fig. 1) were reviewed: in this secton, those aspects
of sediment structural strength relating to rigidity will be discussed.

Shear strength is one of the titical engineering properties of sediments or sodls.
As a result, there is a voluminous lteratur, on this subject in the fields of soi mechanics
and foundation engineering. Fully refeier.ced discussions appear in recent textbooks
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(e.g., Jumikis, 1964: 'ong and Warkentin, 1966) and in recent papers of particula;
interest to the present discussion (Rosenqvist, 1960; Lambe, 1960; Schmertmann and
Osterbeig, 1960; Hv.)rslev, 1960; Seed and Chan, 1961; Mitchell, 1964; Grim, 1962).
The followirg outline is derived from these sources and those referenced below.

The shear strength of a sediment at failure, 7,. is represented by

7 .= C + (a - P) tail (P (14)

where

c = cohesion

a = normal stress on the plane of failure

g = excess pressure in pore water

o =  angle of internal friction

(a - b)= effective stress

Equation 14 has two components [cohesion, c, and friction, (o - ,J) tan 0];

it can be applied to all sedimernts. Shear strength in sands without significant amounts
of fine silt and clay is defined by the friction component (i , these are "cohesion-
less" sediments). Most silt-clay sediments have both cohesion and friction (under
normal stress). A few clays may have no angle of internal friction, in which case the
she.r strength is defined by cohesion alone.

Equation 14 is partly empirical in that the exact mechanic- of failure are no.
completely understood, and it is not aiw tys possible to separate the contributions of
the two components to ultimate shear stiength. However, Schmertmann and Osterberg
(1960), and others, have shov.n by careful testing that true cohesion and friction are
mechanically independent, and that equation 14 is valid over the entirc range of strain,
as well as at failure.

In sands and most clays, shear strength and dynamic rigidity will increase with
effective pressure, as indicated it. equation 14. The effects of pressure on rigidity, how-
ever, will not be considered below, although ver light effective pressures exist even in

small laboratory sample. The propagation of elastic waves in sands under pressure is
well understood (Brandt, 1960, Hardin and Richart, 1963; Shell Devclo m. nt Co..
figs. 12 and 13; revio.w by White, 1965). Because this report deals with surface sedi-

ments (0 to 30 cm; see Part 1), the discussion here will be concerned with the effects of
cohesion as the source of rigidity in high-porosity sil,-clays.

Cohesion is the resistance to shear stresses which can be mobilized between
adjacent, fine particles which stick, or coheie, to each other. Cohes;nn is considered to
be an inherent property of fine-grained, clayey sediments which is independent of

stress; it is caused by physio-chemical forces of an interparticle. intermolecuiar, and

intergranular nature. Some important components and aspects of cohesion which affect
rigidity are as follows.

1. Cla, particles are surrounded by layers of adso. 5ed w':et through which they
interact with other particles. The amount of pore water, the dirtance between particles,
and the number of interparticle contacts are important ii.flueices on cohesion.

2. Interparticle forces of the London-van der Waal and Coulombic type, the
positi'.'e and negative charges on the faces and edges of clay particles, and the type of
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ions adsorbed on the lay surfaces and in the diffuse ion layer in the adjacent adsorbed
water ate inportant contributors to cohesion.

3. At points of near-contact between clay particles there is often bonding of the
nature of ,cmentation, especially in the presence of iron oxides, calcium, silica, and
other minerals in solution in ii.,rstitial waters. Where sediments have been exposed
to overburden pressures there is apt to be pressure-powit solution and redeposition.

4. The structure of the miass of clay particles is important; for example, it has
been demonstrated that the flocculated, or "cardhouse," structure (Part 1, fig. Id) is
the strongest; these structures are largely determined by interparticle forces and the

number of interparticle contacts.

5. Differing clay minerals affect cohesion because of particle size and differing
interparticle forces; for example, Na-montmorillonitc has stronger cohesive bonds than
kaolinite.

6. Shear stress in clayey sediments occurs between particles and not through
them; near-contact points will deform elastically, or piastically (depending on stress),
by an amount sufficient to sustain the effective stress.

7. The rate of deposition, or age, of a clayey deposit is an important factor in
cohesive strength. It has been shown that when the interparticle bonds of a slowly
deposited sediment are broken, only a part of the original strength is regained (thixo-
tropic regain), especially when the original strength is considered to be of the nature
of interparticle cementation.

8. Cohesion is mobilized at very small strains relative to the frictional component
of ultimate shear strength; friction may be negligible at the strain of maximum cohesion.

9. Cohesive strength decreases with increasing temperature. Lambe (1960) has
diagrammatically explained the components of shear strength (fig. 14).

, OMBINED.,AS MEASURED

hi '. ~ FRICTION + INTERFERENCE

STRAIN.-

Igure 14. Components of shear strength of ediments
t from Lambe, 1960). See text for discusion.

The value reported as the shear strength of a tested sediment is the highest
point on the upper stress-strain curve ("combined, as measured" in fig. 14). This
value is the additive result of the various components of shear strength. Cohesion is

mobilized at very small strain,; after it is destroyed it ceases to contribute to overall
shear strength. In this connection, some investigators (e.g., Schmertmann and Osterberg,
1960; Seed et aL, 1960) indicate a more gradual decline in tho curve for cohesion.
which is logical because increasing pressures force particles closer together, thus increasing
some interparticle forces. Dilatancy, which results from particle interference, causes a
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tendency to volume increase and more shear force to overcome. After additional
strain, there is no further tendency toward volume increase; thus, the dilatancy com-
ponent is overcome, and the important component is friction. When the overall
,trCss-shrain curve becomes horizontal, the only component of shear strength is friction,
including particle interference, which lessens as the clay platelets tend to align them-
selves with their long axis parallel to the direction oif shear.

To destroy the sediment structure, shear stress must first break down the com-
plex of interparticle forces and cementing bonds outlined above. When a clay sediment
structure and cohesion are destroyvd by stress, porosity is reduced under additional
pressure, so that further tests of sound vclocitv are not realistic and results should not
be applied to real sediments. This is why velocity measurements of silt-clay sediment
samples under laboratory pressures (as in the consolidation test) cannot be directly related
to the same pressure levels in a natural sediment- Conversely, any artificial clay-silt
sediment composed in the laboratory will not have the interparticle bonds (cohesion) of a
natural sediment, especially those sediments of the deep sea which have accumulated
slowly over geologic time.

A recent study with artificially sedtmented clays dramatically demonstrated
some of the effects of sediment structure, interparticle bonding, thixotropic regain of
strength, and mineralogy on dynamic rigidity (Cohen, 1968). Some other important
aspects of this study were discussed in the section "Rocks and Sediments as Elastic
Media." Cohen used a torsional oscillator resonance technique to measure complex
dynamic rigidities in mixtures of kaolinite and bentonite in distilled water at various
frequencies. His results included the following.

1. Kaolinite

a. Kaolinite concentrations of about 32 percent (by weightl in distdled water
formed flocculated structures with densities and porosities comparable to
high porosity sediments. The elastic portion of complex rigidity, p, in one
expetinent increased from 0.8 dynesjcm 2 X 105 alter one day, to
2.16 dynes/cm 2 X 105 after 5 days.

b. When Calgon, a deflocculating agent, was added to the above mixture, the
structure became dispersed, no elastic rigidity was measured, anid the mix-
turc behaved as a Newtonian fluid.

c. When 35.5 ppt of NaCI was added to the Calgon mixture, the clay floccu-
lated and rigidities were about the sa me as before.

2. Bentonite

a. Bentonite concentrations of abou 19 percent in distilled water formed
flocculated structures in which densities were lower and porosities
higher than ii natural sediments. Elastic rigidities increased in a typical
sample from 1.33 dynes/cm 2 X 105 after one day. to 4.,i7 dynes/cm 2 X
105 after 3 days jwith little or no increase in the next fexw days).

Cohen's results demonstrated:

I. the quantitative rigidities mob lizcd in flocculated c!a. s, after a few days, as
the result of interparticle bonding and thixotropic regain of strength (after defloccula-
tion). and the increase of rigidity with time,

2. the destruction of interparticle bonding by addition of a deflo.culating agent,

and resumption of bonding in the presence of an electrolyte; and that flocculated
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structures of this type have measurable dynamic rigidities, and dispersed structures
behave as fluds or suspensions,

3. that bentonite (dominantly mootmorlionite) forms stronger structures than
does kaolinite, a well-known fact in soil-inechanics research (e.g., Warkentin and Yong.
1962; revitw by Mcade, 1964).

Slow rates of deposition and great age of deposits cause increases in sediment
structural strength due to increased intergrain bonding having the nature of cementation
(Leonards and Ramiah, 1959; Bjerrum and Wu, 1960; Bjerrum and Lo, 1963; Meade,
1963; Leonards and Mhschaeffl, 1964)- Such increase in strength is reflected in the lack
of appreciable reduction in porosity with overburden pressure in deep-water silt-clays
(reviewed in Part 1), and in the relatively high shear strengths in these sediments
(Moore, 1961, 1964; Hamilton, 1964; Richards and Hamilton, 1967). The maximum

rigidities measured by Cohen (1968) were about 2 dy nes/cm 2 X 106. In the San Diego
Trough, in situ determinations of shear-wave velocities and densities resulted in coin-
puted least values of about I dvne./cm 2 X 108 (Hamilton etal., 1969). In deep-sea
clavs, .omputed values of rigidity were about 5 dynes/cr 2 X 1 08. The increased values
in the natural sediments probably include additional rigidity, resulting from the effects
of age and bonding, which has the nature of cementation. Schreiber (1968) has demon-
strated the effects of cementation in volcan;c glass-ash lay:ers in a natural marine sediment
from the deep Caribbean Sea. These layers had unusually high compressional velocities
and sediment strength (cohesion). The addition of HCI, or loss of water by drying.
resulted in marked loss of strength.

Hardin and Richart (1963) have demonstrated that in sands, shear-wave velocities

are independent of grain size and size distribution, except as they affect porosity; and
that dynamic rigidity decreases with increasing porosity. However, sands composed of
angular grains have higher rigidities (at the same porosities) than do those composed of
round grains, apparently because of increased resistance of the angular grains to inter-

grain movements.
Shumway (1960) related the amount of sand (fraction of a unit volume) in his

samples to rigidity under the assumption that these grains were in contact and that the
greater their volume, the greater the elastic rigidity of the sediment structure. This is an
invalid assumption; in the higher porosity sedunents (even if present in significant
amounts) such larger grains are not in contact (Part I, fig. If) as pointed out (in the con-
text of elasticity) by Kozlov (1962). Shumway also assumed that rigidity was zero at
80 percent porosity, which is incorrect in the laboratory (Cohen, 1968) or in situ
Hamilton et al., 1969; discussions above).

QUANTITATIVE EFFECTS OF RIGIDITY ON COMPRESSICNAL-WAVE
VELOCITY

The effects of rigidity on values of compressional-wave velocity in ,;atural
marine sediments are small, bui significant. Cornputatiuns were made which involved
equation I, measured values of ccmpressional-ave .elocities and densities, and either

36

| II -



values of M computed from equation 6, when shear-wave velocities were known, or
those computed after an initial computation of the bulk modulus. The results were- 3

Sediment Type VP (M/sec) Remarks

with p without p

Fine sand (laboratory) 1740* 17 I4 Shell t)evelopmei, Co. d.,a

Medium sand fin sit) 1798* 178. Hamilton ct al. 19b9)

Fine sand (cont terrace) 1742'* 1696

Silty clay (abyssal hills) 1507"* 1486

* I , '.p measured; p computed

* P p measured; K . and then p computed

In general, ihc ",3rpuitations indicate thai the presence of dynamic rigidity in
sands is apt to raise conjiessional-wave velocities on the order of I to 3 percent; in deep-
sea clays the average increases should be about I to 2 percent.

CONCLUSIONS REGARDING RIGIDITY

The data presented in previous sections indicate that almost all marine sedi-
ments which have mineral-to-mineral contacts (as in sands), or flocculated clay structures,
have small but significant rigidities which allow transmission of shear waves. This is true
even in artificial clays ii distilled water (Cohen, 1968). Thus an) equation for elastic-
wave propagation in natural marine sediments which does ot provide for rigidity (as the
Wood equation, 5) should be abandoned.

It is apparent from the discussion of cohesion that dynamic rigidity cannot be
cimputed for a system such as deep-sea clay from its physical components (i.e., given
porosity, mineralogy, and pure-fluid composition). One might be able tt) compute some
of the interparticle forces using clay-mineral technology, but the bonding resulting fron
age of the deposit and "cenienting" effects could not be computed. tovever, enough
information is at hand to reasonably predict values of dynamic rigidity, given the sedi-
ment type and environnent, plus physical proper ties such as density, porosity. and
minera.,gy.

Although there are "usable' empirical relationships between rigidity and other
physical pruperti.s (figs. 15, It), a better procedure for deriving a value for rigidity (lack-
ig shear-wave velocity) is to use equation 8 aid values for density, compressional veloc-
it,. aid a computed value for the bulk modulus especially for ,he continental-terrace
environmet where scatter is great between rigidity and any commoi physical property.
Lacking values for any physical properties, the average values of rigidity for tie esti-
mated sediment type in the particular cnrironient should be used. If grain-size data,
density, or porosity are known, missing values of density, porosity, and velocity can be
determined for 230C and I atmosphere by using procedures discussed in Part I; in sim
values should be computed according tin the procedures of Part Ill.

Empirically, the best index to rigidittv is ' 2 in both the contimental-tcrra.e
and abyssal-plain environments (fig. 16). In the aby ssal-hill environment, the best index
is percent clay size (or sand plus silt; see fig. 15.). Regression equations are included in
Appendix C for these three relationships.
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POISSON'S RATIOr

When rigidity is zero, no shear wave can be transmitted, and Poisson's ratio is
that of a fluid or suspension, O.50 (eq. 10). As discussed in lihe preceding section, most
natural marine sediments po'ssess rigidity and transmit shecar waves; therefore, most sedi-
miends have values of Poissoin's ratio less than 0.50.

As noted previously. mniy literature values of eonipressional-wave velocities iii
saturated" sediments (especially ,aiids) must be disregarded because the measurements

were, apparently, made in sedilmenits at less than full saturationi, where shear-wave veloci-
ties are slightly higher, but cormpressional velocities are far too low. As a result, many
published values for Poisson's ratio, especially iii soil inseelanis literature, are too loW
because te ratio, V P .1V S. det e rmines Po isson's ra to (eq. 10).

I I the refer Inces to table 3 there are I I eases where compressional- and shear-
wave velocities iii the laboratory or Inr situ allow computations oif Poissoin's ratio; these
are withiii tlhe rainge of this ratio as computed in the present study (tables I aiid 2).

Average values arid standard errors of Poissoin's ratio are listed in tablesa I aiid 2.
Maxiniuni and minimium values (not listed) indicate the following ranges and averages in
some priincipal sediment types and environmetnts.

Enrvironmeint Poisson's Ratio No. of
Sedimet Max. Miln. Avg. Samples

Continental Terrace:

Sands (all grades) 0496 0.41o 0.4 70 13

Clayey silt 0.499 0.447 0.478 40

Ab>yssai Plain (Turbidite).

Silt-clays 0.496 0.466 0.484 52

Ahyssal Hill (~Pelagic):

Silt-Javs 0.499 0.467 0.487 41

The data in the table above arc for laboratory coiiditions. Anderson and
Schreiber( (1965). Anderson and Lio-hcrinann (9ix '6Xi, and Nate arid Drake { ! Q67) have
noted that Poisson's ratio does not change substantially with pressure and temperature in
rocks. Using the methods discussed in Part HE! computations comparing laborator and
ini situ values of- Poisson's ratio for a given high-porosity deep-sea silty clay indi[Cate this is
also true of mariiie sediments. With temperature and pressure the only variables,
Poisson's ratio iti the laboratory at 230 C and I atmosphere is 0.486; at a water depth oif
b000 mn (pressure- 626 kgiens? temperature: 1 .5'C), Poisson's ratio is 0.490.

Velocity-Frequency Relationship

The subject of velocity dispersion (dependence of velocity ontt Ircquene1v I is
important in geophysics and underwater icoustics. Questions concerning basic theories
aiid models for propagation of elastic waves in various media caninot be resolved until
various questions are aniswered: does velocity dispersion exist; and, if so. to wAha t extent,
iii which media, arid over what frequency range? The subject of velocity dispersioii in
saturated sedinients was recetd raised, again, by Hampton (1967) whJo reported disper-
Sion in) laboratory measurements in artif~c'zl sAirren-,.
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Because well-known and valid theore trcal models exist on both sides of tire
question of dispersion it earth materials, the answer must lie in experimental work which
will set patameters for these models. It is the opinion of the author that the experi-
mental evidence strongly indicates that in the frequency range from a lew hertz tor the
megahertz range, there is no measurable dependence of velocity on frequency in earth
materials, including almost all natural sediments and rocks.

In any discussion of the evidence concerning velocity dispersioii, a clear distinc-
tion should be made between various media. The broad categories are.

I. rocks with little or no porosity.

2. porous, saturated, and unisaturated rocks,

3. fully-saturated sands with miineral-to-nireral grair contacts,

4. higher-porosity, fully saturated ,-dunents with r structure possessing cohesion,

5. partially saturated sediments (natural or labo atory) containing gas or air inl
pore spaces, and

6. clay-sdt "sediments" which are suspensions, especially those formed artificialls
in the laboratory with a deflocculating agent.

The experimental evidence or' velocity dispersion falls into the categories of
work in the laboratory on rocks and on natural and artificial sediments, and in situ on
rocks and sediments. Measurements of both velocity and sound absorption are involved.
The references cited below are recent examples of this experuniental work; no compre-
hensive review is intended.

A number of investigators have measured compressional- and shear-wave veloc-
ity and absorption in rocks (laboratory and in situ). Their comilrion conclusion is that
there is no (or negligible) measurable velocity dispersion ii the range from seismic fre-
quencies into the megahertz range, and that the specific dissipation constant, l/Q, is in-
dep ndent of frequency. Examples include work by Wyllie et al. ( 1956), Birch (1961 ),
Peselnick and Outerbridge ( 1961 ), McDonal er oL 1958), White (1965), Press (1966).
Bradley and Fort (1966) have good resumes of much of the evidence.

No velocity dispersion was measured in artificial sands in the laboratory by
Hardin and Richart (1963), Nole et al. (1963). and Schon (1963); these measurements
included a frequency range from 200 Hz to I MHz.

In so:i-mechanics investigations in strt in sands. low-frequency vibrations were
used in studies by Barkan t 1962) and Jones (1958) to measure shear-wave velocities
tJones measurements atso included clay-slt). No velocity dispersion was measured in
the frequency range from 10 to 400 Hz.

Compressional-velocity studies in high-porosity, deep-sea clay ini the North
Pacific by the writer at 200 klHz (laboratory), by Schreiber (1968b) and Horn et al.
( 1968b) at 400 kHz (laboratory). and by Fry and Raitt ( 1961; seisimic measurements at
sea) are all in reasonable accord (less than 1 percent differences). The average of com-
pressional velocity for abyssal-hill, silty clay (Part 1. table 2) is 1507 msec. An average
velocity of the top of 10 cores off Hawan (Schreiber, 1968a), in the same materia!, is
1504 m/sec. The average ratio, velocity in sediment/velocity in water, at 200 kHz (Part
I, table 2) for abyssal-hill silty clay is 0.985 (max 1.006, min 0.973). The ratio comput-
ed by Fry and Raitt ( 1961, table I ) for this sediment type was 0.974 (see discussion
in Part 1.

In a continuing program to measure compressional velocity and attenuation in
siu, the writer measured no velocity dispersion in shallow-water sands (three stations).
or silt-clay tone station) at 14, 7, and 3.5 kHz.

In a laboratory study of complex rigidity (ma + ip') in artificially sedimented
clays, Cohen (1968) demonstrated that both components of complex rigidity, w and nup
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were independent of trequecy inl the range 8-6 to 43.2 kl~z. When a deflocculatirig
agent was added, the flocculated structure was dispersed, thc material lost all rigidity, wi,
and tire mLxture behaved as a Newtonian viscous fluid in wich ipi' was linearly depend-
ent oin fircqueiicy. Thc additionr of 35.5 ppl if- NaCl caused reflocculation arnd both elc-
nicriu of coniplox rigidity were tlw same as before.

There are several important conclusions to be drawn fronm Cohen's studY (iii
additio-i to those discussed in previous sections):

1Suspceisions (without structure) do nort behave as flocculated clay structures,
and almost all natural, ltigh-porosith silt-clays have this type of structure (see section on
"Causes oit Rigidity").

2. If the elastic poltionl of Complex rigiditv. p. is i ndependent of frequency, rtere
is ito shear velocity dispersion in the flocculatcd cla,, .

Hlamptoin ( 1967), iii a laboratory study Of artificial1 sedunments, reported a 4 ito 6
percent increase iii compressional velocity from 3 to 2(00 kHz (this anmounts to 60 to 90
rn/see ill silt-lays); Is ratios, velocity in sediment/'velocity iii water ( 1967, fig. I I), indi-
cated sediment velocities as low as 7 percent bWow that in water at lower frequeincies.
'lampton referred to Amntr ( 19S3) for theoretical Support of his conclusions.

Ament's ( 1953 ) theoretical approach ito sound propagation in grorss mixtures
involved a true, viwo~us suspenrsiort in whicht particles were itot in contact antd inl which
permeability, viscosity, aird scattering of souitd by thre particles were involved. He coin-
pared his approach with experiments by Urick, who measured compressional velocities
throughi suspensions of mercury, birmofonin, and kaolinite* (with a deflocculating agent)
in water. Sttion er a. (1957) ind Uaughton ( 1957) discussed Ament's equations and
concluded that they Could not be applied to natural marine sediments, the author agrees
willt thik conclusion. As discussed above, subsequent measuements of elastic-wave
velocities in the laboratory and field do riot support any thteory involving sigiiicatt
velocity dispersion from low (seismic) frequencies to the megahertz range.

Hampton's values oi- thc ratio, velocity in sediment to velocity iii water ( 1967, fig.
l I) tot only varied with frequency but were anlonymously low (at lower frequencies)-
His values ['r artificia kanlinite "sediments," for example, iii the frequency range 8 ito
40 kHz (0.93 to 0.97), can be cirmpared (at similar corrceirtrations to those of Cohen
(1908) in kaolinite suspeinsionss and flocculated clay in the same f-requency range (0.97 to
0.99), and those of Lirk ( 1947) in a kaolinite suspkensionl at I N1h1 (U.97 to 0.99).
Shurowav ( 1958, 1960) measured a ratio o1 0.97 in a red-clay slurry. An average ratio
for six of Shumiway's ( 1960) high-porosity sediments in ihe San Diego Trough (20 to 40
k! lz i va 0.98. lhiN equaiior 7 4 i96, fig. i , p. in oi) predicts an average least value ot
0.97 fur his sediintiis. The author ( 1956) measured, in situ, in the San Diego T rough,
average values of 0.98 at 100 kHz. Fn~ and Raitt (1967) computed an average valu, of
0.974 for deep Pacific surface sediments at seismic frequencies. In the Atlantic, Houtz
arid Ewing ( 1964) used the same rmeasuring techniques that were used by Fry and Raitt
ito obtain sediment surface velocities. At three stations (Stas. 4, 5, arid 8) favored irs
later diseussions, Houtz and Ewing measured values of 15 17. 1532, arsd 15 17 rn/fsee,
which whein divided by appropriate valLIeS for bottom-water velocity y ield air average
ratio oif 0.98. Table 2 its Part I lists average ratios values in deep-wat'er silt-clays (at 200
kHz) in the range 0.98 to 0.99. In sumtniary, the evidence from laboratori arid freld,
over a wide range of frequencies, does not suippoirt Hampton's low ratio values

When air or gas bubbles (front decaying organic material) arc trapped in pore
spaces within any sedirmenst they have a marked effect sin both compressional velocity
aind attenuation, depending ors the coirnratiori and size of bubbles, and the firequency
kc.gMyr 1957 ). velocity varics wI it liequerc (velocity is usually too low) and
attenuation is apt to be high. Although Hampton reciognized these facts, and attempted
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10 WoMA x anid air bubbles rtoi his aiiicial NLdlnlliits. htis data Indicate the prohd-
bilitN o i xiiid i gas bubblts w~itin his mnaterials.

Summary of Factors Affecting Compressional-
Wave Velocity

1 o %III IIariz thCIIe It I\ o Ix In ma i coinplcx ,variahle I itnrs on compres~sional
velocits i i :Itu useRIHV 10 Nwpar ai equaniii I Into two coiiniiis and] to expand
d,isii .P. as pei equait Iol 4, aiiid K as per equatIlonl I 3a.

2) K 4.
P P

where

+ it K P - p np,. (I - ~13,1)

Yhe % anable factors eoiitributiig ,to compressionial -wave %cloeit% arc thtus

Bulk nioduli of pole iater (hm ), iner CAlS (K i). and I-raifle (Kt~I

Pooiy(11) ill a uniti solwrne, porosity equals the volunie oI pole Wadter
and ( I -i) equals the volume. or coneentrat Ion, Of inerICal Prains-

DensitN 0! pore water Lp. ), and minerals (po

Rigidity modulus (ju)

Given laboratory iconditionls Lit COnstant tseiperaJunie msid pressure. and aSSiling

that pore water is the sanme (true within narrow limits;' see Appendix BI). the effkeis of
changes inl porosity and mnineralogy are th~us (suilariZ1ing PreviLIs discussions):

1. Changes iii jniieralogv ondv cause changes in

a. the bulk modulus, K, through changes Iii

(I)the bulk modulus Of minerals. x.

(2) the traime-bulk mnodulus. ,

b. bulk density, p. throughi ( I - a) as
e. the rigidity modulus, p, Ii sediments has cohiesion, some miiierals have

so oiie i inerpvmriiie hssnds (~see -tauses oi Kig~dily-)

2i. nges In por osity Ofihs :ause chinigcs In

a- the bulk iodulus. K , titrugh Changes In

I)the frarne-bulk nmodulus, K , ( fg 2)

(2) the denomniitor o Q (eq. 1 3a): n (K- vi

b. bulk diisity., p. thirough the products (eq. 4): io,,. aiid I - pill p

c- the rigidity modulus. M. because higher porosities lead to fewer interpal tide
contacts in sands and in silt-clays (iasiiig cohesiiin, see "Catiscs of Rigidi'y"

Pie causes of vairiations Ili rividih% were discussed inl a previous section, but the
results Ot these variations cali be readily seen when equation I is separated into its two
conmponents, as above. When rigidit. ,p. is zero or iiegligibN sma-1l, the component

42



d -ls ]l and ett larindet of equation I is tie eqitatili. for! riiusrssioi1a veloII in a

liquid, or any rrrcdium without ri iditv It is the samne .ts the Wood eqantni (S ) it the
zncedutrr is a tritle suspenion with nio seditlier Structure. Ill wIch Case Kt (Cbq. 3b) can
he used fcr the bulk modulus, K. If there is a sedimen~t strUCture, K should include a frame-
hul k irodinlus. P~ h-eCause lmIost all marine sediments have a definite structure and
possess riyidit% . the ',Nood equtation, wh ich served to approx ima telyi dcliii comi~pressionial
Velocit) inl lIILucl eatl work, should be abanidonted it) favorr of equation 1 , the classic
equriat ion fo'r Comnpressi onal vel oc it i

I lire irierinctnoii oft all '1 tire thoi actors r-ssi arlmtost all htiglier-potosiiy
sodirriits, liastig ciitlrrcssioiial vclo~itlei les.s thai1.1 %ii ater ploie wate1r or bottoti wkater

abih ictt sea floor) uItiles iigidlINt is U1rUSU~l Iligir This ILow%-\eoct phrerro PICetrori1 is
nrostl\ due ito tire low rigiditius In Irigl-potoisity sediments, atid thie downii eflects ol
higj Ater coirIpioksSIbIlitI_-s (o1 kisk molerrrewb'ilitieslrlNtt to mirncral inoduli (see

Appenrdix. It for iv pical valutis)

Summary Statement Regarding Elasticity of
Marine Sediments

1 o prose that a miedium responds as alr Clastic body . it is atecessa". ito use the
theot I of elarsticits arid its equations (eqs. 1, 2, 5-11 ) to compute unurrcsitred elastic con-
stantis (without emnpirical constants or assuniptiorr) arid \veritx these by rucasu re merits.
Err ather. valueis hr elastic colistart s shtoul d be comurnPtable fro th ~e basic corn p otie n ts of
the mneditim . atid static and dynamic values should be tlteoret icaily related. All (if these
requitemeirts have beent satisfied Ii the case of rocks (e.g., Birch, 1961 , Sinimow atnd
Brace, 1905, Anderson atid Liebermnanti, 1968). It is a coinclusioni of this report that
these requirements earl also be satisfied iii the ease of saturated, porous sedimlents

Dl~eimit. anid c irtipressiotial-wasc e elocity were meaisured in tie preseit studN-. A
comtputed value for the bulk mrodulus Was used as tire third constant required to compute
the other elastic curistarits with the equations of elasticit% . This bulk modulus was comn-
pited troin thle por osi ti aird thre bulk mrsoduoli r f the cu niplot el ts of tilie mdi u n- (pore
flu id, muinerals, arid a frame -bulk miodul us) tollowinig Gissnatii's equations ( I 3a ' Appeni-
dix A). Tb is miethod is thus based onl theory without emnpirical factors (ir cornstanits.

The comrputationis of elastic constants as discussed Ii this report, comspared with
oilier laboratory anid iii sieu ineasurenicirts (suchI as shear velocity,. tAbic 3), Indicate tt
Ire, equtationrs of etasticit% carl be used to derive reasonable values for those elastic Coll-
slants riot measured. It sio, the computed %al nes in tables I arid 2 predict these constart s
for filie tmajo lit ar ite-sediment types.
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APPENDIX A:
DERIVATIONS OF GASSMANN'S EQUATIONS

The derivation of (jassmann's equation 11951 , p. 15, paragraph No. 59)

K (K +~
K = f"

SK. + ( ~

is indicated, hut friot completely shown in his original I(German) publication The follow-
ing derivation (by the author) is completed because ol its importance to the computd-

tiots of tlus repoi. and to make it more readily available to interested readers.
Gassmann's equation, above, is not empirical; it follows from the basic assump-

tions thait a unit volume of a saturated porous medium responds elastically under the
light pressures of a sound wave. In this "closed system" no pore water leaves or is added
to the unit volume duing passage ol the sound wave.

The notations of Gassann are changed as follos:

Item 6assmann (hanged To

Total pressure P No change

tydiostatic pressure P 1,

E!ffective pressure, or pressure or frame P Pe

Bulk modulus of system K No change

Bulk modulus of pure wate, K

Bulk modulus of mineral solids K K

Bulk nodu1 u of i neral frame K: K

1 otul volume I" No change

Volume of pore water V I'

Volume of incra! solids I I'

1. With these changes in notetion, pi tinent equations and "running' tra nslations

from (jassinarm ( 1951 p. p I Siare:
I b In order it dctern1iie ,;. the Ulit il W! uine. I . will be , x p.sed to

an additional total (hs drosia tic) pressure, A?. Ah iich is effective on all
ur.,ct . . . iP f, ;c , '-, ,46 ', : ' ,l..V . , t ha i)pa i "

A1 which is effective 01 !lI suriaces of the volume I', and detcrirres
the addii onzl hdrostatic prcssure in the ore,. AP, is the remainder
of A. hich is elfectie on- those portions Of the surfaces occupied bi
the mineral solids of the franc

a 11 -AP1 + A1P l.A-la)e

I lie desired bulk modulus K, if the closed system is d.fincd bs the

b .11 .1-, bi)

-. . . .(A-Ic)
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descrihes the ctiixprs .,iO of the pore % atei o.it, loiii t)

- -P K

A1, A§ A
d- - -i -- d)

,icscribes II Lccii opesion of tie II a tIe. proceeding Irmtai(fite twe

components AP iII a).

AU V I-PI) tP; AP¢. ?: = - - e.( -lI C
U K K

S S

desci ibes the conpressiol of h e mineral solids ... with the applicatlon.
cf |" = ilIn I~.

1" = i (1 A-It)

defsies p)rosil

g. AV A' + At iA-!

which indicates that the system is closed. therefore. no pore water call

be added nor can any escape.

Using the above basic relationships furnished by Gassmann, the final equation toa
coinuting the system bulk modulu, &. can be derived as Iollos w:

-. Equating volume changes

Al Al Al"
S it.

from b. c, and e, aboe, and niultipl> ing by -I)

A.1p A. AP A11 i

K KIt K K ,

rdcs Al' AP-AP

Ap' il-ti) Al'. AP!:n Al' '.
t +

K K K K

!4duces to

Ale Al', I'4 - .!]1 Al'

K K S R, K

Div ide by Al'

1 AI: l,,t;, - K)]. i
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K K A

IFAl, IfoxK, - ' V)

T CdLi ce t IKK

L quating pressure-.ou-noh relationships.

a. Coinpressiot of Lialue (decrCascs 11) -E q A- 1(d)

b. Compression of solids (increases n)J............Eq. A- I (e)

c. Cc npressiorl 01 wter..............I.......q. A- I 1 c)

In the closed sys tem n o pole Awatcr is aiddcd or escapes, therefore

3a - 3b 1c, or

AI. A? Al A I l APu

IPj - e A I, -,,. - e h' l
- + -- + - ___

K S K, I I K K ' Kv

AP, A APhj P51

K- K K S K I

A.?(K K 1 A? (i -K ),
e K (K -h

AK- KK

IV I f

I K- K ( -1.)

Diid S -V

troinI IV A-1)~. A -A
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4 Equating equations A-2 and A-3

SIP 's ,)1 -" (KS- K ) K + K, (K-Kf)

=fK, ks 1< K,,(K - K.)

let

n (K,-Kw) =

4

then

KB _BK11 +A

1 I,, 1& K A
whkih, after dividing by B, reduces to

(A Kx 5 ) =x K AK
KrK I + K

Substitute 9 and solve for K

K ,K (K>f-Q)
A4 + A+= (K

P., K if- )
K W - X . K f + K K K

v~hich reduces to

Ksx- +K I + Q

K +Q

w;hich s to quatto1 , p 1

wm..1 . 15. pca4 59 .
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APPENDIX B:
BULK MODULI OF WATER AND MINERALS

Sonie valIues ol hulIk MOduli (in compressibi lit ies) of seawater, K ,. and minerals,
K. used in the computations in the mnain text, are listed below. In addition, values fi)r
the aegregatc bulk moduli for somec of i he More important types ul sedimient mineral
aggregates are listed. 'Ihese wvere comiputed by the Voigt-Reuss-Hill miethod (see
discussion, miain text).

A. Seawater*

Salinity Density 1,PBulk Modulus, Kw,

(ppt) (gi'cc) In.!sec) (d)ynes cm2 X 10 10)

33.50 1.0-128 152-8.3 2.388935

34.00 1-0232 1528-9 2.391 76t)

34.50 1.0236 j5 294 2.3942(-6

35.00 1-024, 15S30.0 2.3970821

*Density and velocity from NAVOCLANO SP-68 (1966) K, comnputcd from. p'V 2 = K.

B. Mlineral Species"*

Bulk Modulus, K
MIineralI (ds ncs;cm2 X 10 10) Refetence

Calcite 72-940 Feselnick ( 196 2)

Micrucline 5 1 .8 13 Andersoii and Nate (1965)

Orthoclase 47-393 Anderson and Nafe (,1965)

Albite 52-.9 10 Bracce( Il65).
Andersoii and Nate (1965)

Lab radorite 06.667 Birch (1966)

Quartz 37-726 Soga 196h),

MceSkiinin ei al. (1965)
Obsidian 3 7..800 Mlanglnail t al. (106s)

lloririnde 64.1 1,5 Brace ( 1965)

Biottic 4i 5- Brace 4ivMn)

Apatite 9 1.743 Birch (1906)

Magnotite 181.818 Bfcli (19)66)

olivioic 126.582 Birch 19'66)

Lliiatic 99.010 Bidc (1966)

AN per~thene 101 .010 6

A~Cit 98.039 Birch ( i

**Cmputed Irm k 1.,3 where 3 given, rcfcrence are i. -,nl, rea , 1 vj.- iblc .. , c, vhiclr
trequ. ty ite otiher suur:e%, for rceni. general conipdJ,.: n, c, 6b':h Ander~or
-a'd Liebeninan n ( 196 8i
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om ('oiiputed A;gicmgae Btulk Mo'duli. K,'

Bulk Modulus. K

Se diiucit (dvlies'ci12 X I 010  Refenence

Medium sand 51.206 San Diego (nicarshorc

F-ine gra, sand 52.326 San Diego (Oicarshorc)

Cla,e silt 54.425 San Diego Trough

"'Clay "' 50.- - - Skemptor (190 I );
used for deep-sea sill-
clay s.

8orile typical VahTcs.
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APPENDIX C:
EQUATIONS FOR REGRESSION LINES
AND CURVES (ILLUSTRATED DATA)
cr'' IIIN m ld ,o Ix I\ ti %m ciim uIed Ii liol ) !0 iIiit r it1 d w is) oI( da I ad

A IC I I C oiit IliIte1C I)c Qcst 111dm1cN I x) to obi'cii JcSIrIcd IIopertI ws Iv), scpira Ic cqua I Wils

ate iNtcl, wl icippciyi .ite , tI' caich of tlw thrcc gelier.iI 'iiO~1 I's fI ollows: coii-

(Nt. 'I Itc C:qii.tt'i ailc ke' ckI h, Oi-l cll I, kiillciN ltI, lie lci cdti \C 'tIcf diairalINi' ill the
main text .Ilic Stliidmid Ewq IN I ltiil,. 0. cppositc iiati eqt.itioni. re apphicable

ojlsl iicii1 tilleal (11i itile (-\i ,IllCN.111:oild -.IerlIW0 0 Ile 11w ) iau, i\Cen (X). Ilktt I
J%%3\ I-1011) t1is re~girili ((oi ilki, 19071 p). 448).

It I, iipolt:iiit that 1the legiessoli ckijlatiolis he used ii) betlken li1c limitingle
ihlics o) the, lildc" pioplcrt\ l(N salues). ;is ioted below.- Thms cyi:111iils Jie strietil

emiliit at l apil1IN '1i'% tO dli tX.i ) i IdPol!in iulved.

I. poo ltv , pefeelt

111. 35 toi 82 percent

kill and lii). 70 to 90 perceint

2. Dc)imt . gee:

(T. 1,I .2 5 t o '2.10 g!ee

1,) 1 .2 5 t 1 .50 g" ee

1Ph .15t1 1.45 g.,cc

3.e izmlV X tVeocmt )2 ?p V 2, dv. tici Sin 2 1010l

11I), 2.9 t o 3.4 d,,evm I 1 s n00

(FP). 2 7 It 13.4 dN iiSCl I c 0!, n2 il

4. 'Ia\ lie pramus, C, p'releilu

il1,.45 to 80 percct

Ff.1i1e 11tihi, N10JtIii. i! (( i eS CHI 2ii v's. Pmostv . di I Ilactioi Ii lsime 2 1

(Til For sands .1 cs iS ~2 x I 09

oi! K- = 7t40 - 4.12135 (.11)

(I), (H),) ) l-or sil-ckst k LN I.': 'In .SciS

!"gK. 3.73807 - 4.25571 (i.n)

Bulk M10(IdU'L. K 2dmc/.m ~ 1010I vs. Pot osi t, I (Pe rc e 1t 1:- (Figre s 7, 8)

1I 22.736198 - 0.6 -7998 2 (I,) + 0 008 205 (02) - 0.00003 506 (n~)3

u 0,1379

(I~ ~ Itt) i 05346 - 0.1 14 167 (ol) I UAot)04 -, In)'

o) = 0.0 14 1

Bulk Modulus. K Id,, lICuoI2 X 1010 1 NN- Densit\ p Ieee I Fivures 9. 1 0)

,I) k. - 22.16073 + 49 9301 10 (~p) - 34.144 20S (p1 + 8. 11 Q349 jj
o = 0 1s12
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(1) , ,.099Y1 - 7.428005 (o) + 3.445309 (p) 2

o = 0.0302

(P) K = 3.4"494 2.486986(p) - 1.59()811 ( p)2

o = 0.1525

Bulk Modulus K (dynes/cn12 X 10'0) %s. Dcusit) X (Veh.lt )2 , . 2 (d ,ncscu' X

I ol U) ( glure I I)

(II) 0.24037 1 0.891027 (olp2)

o = 0.0528

(P) K 0.06033 + 0.742309 (p 'p2)

o = 0.1446

Rigidity Modulus. p (dN nes/cu 2 X 1010) vs. Clay Size, C(pereent) (Figurc 15)

(Ht) . 2.396 5 - 0.1U5307 (C) + 0.0010 11 (C) 2 
- 0.00000828 (C) 3

o = 0-0334

Rigidity. Modulus, tu (dvi'es/cm 2 X 01 o)I vs. Density X tVelocit )2, p I 2 (dynesicn12

X 1010) ( igure Io)

(P) /i -4.78616 - 5.154326 (p 2) -1.797785 p, p2) 2

- 0.200143 VP3

o = 0.0229
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IW
APPENDIX D:

ADDITIONAL SEDIMENT PROPERTIES
,1 ahIes I and 2 (toin Po't I ( IP 143) are included in this appendix ad aconven-

iecfl te tlii c These tables fumiish additionalI informadtion onl properties of thc sedi-
11icotN discussed in this report (TfP 1 44). Tables D1 and D- 2 can be corielated willh tables
I and 2 inthe main text
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